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ABSTRACT 
This thesis looks at the challenge of reliable object slippage prevention for the 
purpose of safe object manipulation.  Object slippage in this thesis is 
considered from the industrial robotics point of view, and is addressed from a 
systems perspective including the contribution of environmental influences, 
object characteristics, as well as the contribution of object manipulator’s 
sensing, mechanical and control capability. 
For the purpose of this research project it was considered necessary to develop 
an integrated slippage detection strategy that maintains an adequate level of 
sensitivity and detects slippage reliably over a wide range of grasp forces 
without sensor damage. Such a strategy has been developed and successfully 
used in experiments. The system includes a novel slippage sensing device that 
incorporates slippage and tangential force sensing, and a simple control 
framework.  
The function of the slippage sensing device is to provide reliable slippage 
detection and tangential force sensing feedback using friction-based physical 
sensors. Its slippage sensitivity is dependent on the resolution of the rotary 
pulse encoder used to sense the rotation of the slippage sensing roller and the 
diameter of the shaft on which the roller rotates. The final prototype in this 
thesis has been fitted with a rotary encoder capable of sensing roller rotation at 
a resolution of 0.18 °, which in this case converts to a detectable slippage at the 
roller-shaft interface of 0.03 mm.  
The tangential force sensing resolution of the slippage sensing device is 
dependent on the torque range of the torque (tangential force) sensor used and 
the resolution of the A/D (analog to digital) converter used. The prototype in 
this thesis can sense torque at a resolution of approximately 1 g or 0.01N.  
From the control perspective, the slippage detection speed is dependent on the 
encoder signal latency. The rotary encoder used can generate pulses at a 
frequency of 240 kHz, meaning that it is capable of sensing a fast 0.18 ° 
movement with duration as short as 5 ns. In the final experimental setup the 
encoder pulses are captured using a high speed counter, but the pulse count is 
only interrogated and reacted to every 200 ms due to the slippage controller’s 
processing speed limitations. 
The main function of the control framework is to enhance the performance of 
the slippage sensing device by extracting relevant information from sensors for 
the purpose of actual slippage detection and prevention based on sensor 
feedback. The “intelligent” slippage detection and control is performed mainly 
by the Sensor Fusion function of the control framework. The Sensor Fusion 
function acts to prevent slippage by estimating potential slippage. If potential 
slippage is detected, the controller acts to increase the grasp force safety 
margin. If slippage has occurred, the reactive controller acts to stop the 
slippage before the slipping object gathers significant momentum.  
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RESEARCH OBJECTIVES 
The research objectives set for this research project were to: 
1. Develop a reliable object slippage sensing device; 
2. Develop strategies to improve gripper robustness against slippage; 
3. Develop a simple control framework architecture that would enhance 
the basic performance of the developed object slippage sensing device. 
INNOVATIVE OUTPUTS 
A reliable object slippage and tangential force sensing device has been 
developed and successfully tested using a parallel gripper that incorporates two 
such devices. The newly developed device senses object slippage and 
tangential forces in one axis. It is reliable, robust, customisable and usable in a 
variety of environments. It is a low cost technology and therefore very 
affordable. 
Although not implemented in this thesis, multiple such devices can be arranged 
in various configurations to obtain slippage and tangential force sensing in 
multiple axis.  For example if arranged orthogonally in pairs as a parallel 
gripper, these could provide slippage and tangential force sensing along two 
axes, and slippage and tangential force sensing due to object rotation around 
three axes.  
The developed device is not a generic solution for slippage and tangential force 
sensing comparable to that of the human hand, but it is still an adequate 
solution for many robotic object manipulation tasks. 
 
A simple control framework architecture has also been developed and 
successfully integrated with the parallel gripper that incorporates the developed 
slippage and tangential force sensing device. The control framework has been 
developed at a basic level that was sufficient to demonstrate its ability to 
complement the developed device; it extracts relevant information from sensor 
feedback data to make informed and therefore more effective slippage 
prevention decisions. 
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CONTRIBUTION TO KNOWLEDGE IN THE FIELD OF ROBOTIC 
OBJECT GRASPING AND MANIPULATION 
This research project makes the following innovative and scientific knowledge 
contributions to the field of intelligent object grasping and manipulation: 
x A novel slippage sensing model based on friction has been developed. 
It offers a reliable, robust and low cost solution for slippage and 
tangential force sensing. 
x An extensive analysis of factors that influence grasping and 
manipulation has been conducted. The findings from this work can be 
used to enhance gripper design and manipulation controller’s decision-
making rules. 
x A novel parallel gripper design approach that increases object stability 
in the gripper and reduces required grasp forces by maximising 
resistance to object rotation in the gripper.  
x A simple but effective control architecture that complements the 
developed slippage and tangential force sensing device and enhances its 
usefulness. 
The contribution made to scientific knowledge will be beneficial to researchers 
and engineers developing robotic object grasping and manipulation strategies. 
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1. INTRODUCTION 
1.1 Background 
The primary challenge for safe and reliable object manipulation in industrial 
robotics is to autonomously determine and apply adequate grasp forces to 
x Prevent object slippage during manipulation; 
x Facilitate manipulation of fragile objects; 
x Prevent unnecessary manipulator and sensor wear as a result of 
excessive grasp force application. 
Slippage prevention and adequate grasp force application seem trivial to a 
human, but prove to be a significant challenge for industry and research. As 
humans, we grasp and manipulate objects with relative ease and only notice the 
impressive human object grasping and manipulation ability when attempting to 
reproduce it in robotics. 
Without much visible effort we manage to 
1. Estimate the required grasp force visually based on prior experience, 
before touching the object; 
2. Adjust the grasp forces in real time during object manipulation; 
3. Detect and prevent slippage in real time during object manipulation; 
4. Manipulate objects safely and reliably. 
 
Similar abilities are very desirable in a robotic object manipulator for reliable 
and safe object manipulation at reasonable manipulation dexterity.  
 
 
1.2 Research approach 
The following research approach has been taken in this thesis: 
1. A literature review has been conducted and includes: 
a. A review of the human tactile sensing, intended as a source of 
inspiration for sensor design;  
b. A review of available sensor technologies and sensors designed 
for slippage detection that could be used in this project; 
c. A review of related grasping and manipulation functions 
including robot vision, grasp force estimation, grasp force 
control and slippage prevention. 
2. Author’s own contribution in this thesis is presented as experimental 
findings, critical analysis and deductive findings. The work is divided 
as follows: 
a. Determination of minimum sensing requirements for slippage 
prevention and safe object manipulation; 
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b. Theoretical analysis of mechanical and sensing resolution 
impact on precision grasping and safe object manipulation; 
c. Pre-design consideration of environmental factors; 
d. Development of a reliable slippage sensing device; 
e. Development of gripper robustness against slippage; 
f. Development of a simple but effective manipulation controller. 
 
1.3 Potential Applications 
This research advances the knowledge in the field of reliable and safe robotic 
object manipulation. Therefore it may be useful wherever reliable and safe 
autonomous manipulation of physical objects is an essential requirement, such 
as object manipulation in industrial robotics, domestic mobile robotics and 
agricultural harvesting. 
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2. LITERATURE REVIEW 
The scope of this research encompasses the development of sensors capable of 
sensing slippage for the purpose of adequate grasp force control during 
autonomous robotic object grasping and manipulation. Therefore, the related 
literature has been reviewed and the information has been organised in an 
orderly form below.  
2.1 Slippage and the Stick-Slip Effect 
Intuitively we can state that grasp force control and slippage detection are 
essential to reliable and safe object manipulation.  Grasp force adjustment is 
obviously based on some prior requirement, which in the case of object 
manipulation is to prevent object slippage. Understanding the slippage 
mechanism is therefore essential to the development of slippage prevention 
strategies. 
Slippage is the relative motion between two surfaces that are in contact, and is 
characterised by the stick-slip mechanism that generates vibration as a result of 
alternating relative movement and stoppage between the slipping surfaces [1].  
 
Researchers have concluded that in order to prevent slippage it is necessary to 
predict slippage, or in other words to detect what researchers call pre-slip or 
incipient slip [2], [3], [4], [5], [6], the tell-tale signs that slip is about to occur.  
 
Predictive measures, based on incipient slip detection, have been used by 
researchers to prevent slippage during object manipulation [2], [3], [4], [5], [6], 
[7].  
The most common approach to incipient slip detection relies on detection of 
minute-vibrations generated during incipient slippage. This approach faces 
difficulties in discriminating between background noise and the small vibration 
signal generated during incipient slippage, because the signal-to-noise ratio is 
very small [5], [8], [9].  
Another approach is to detect changes in the stick-slip zones in the contact area 
with the object. This approach identifies the distinct stick-slip zones and 
monitors changes in these zones (area size changes) to detect incipient slip [7], 
[10], [11], [12]. An important benefit of this approach is that the behaviour of 
the contact areas during slippage can be visualised, and as a result the slippage 
mechanism can be better understood. 
 
Watanabe and Obinata [7] developed a vision-based method of detecting 
incipient slippage by monitoring two distinct tactile sensor regions: the stick 
and the slip regions that are present during the mechanical stick-slip action. 
Changes in contact area were measured using a CCD camera to track changes 
in the shape and location of a dot pattern painted on the contact surface. By 
monitoring the reduction in the stick region (and as a result the increase in the 
slippage region) and relating these to the point where slippage starts they 
developed a relationship between normal pressure at any point in the contact 
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area, applied normal force and the size of the contact area. The relationship is 
given by 
௡ܲ ൌ
͵ ௡݂
ʹߨܴଶ ቈͳ െ
ݎଶ
ܴଶ቉
ଵ
ଶ
 
(2-1) 
Where, 
௡ܲ - normal pressure, as shown in Figure 2.1; 
௡݂ - normal applied force; 
ܴ - radius of the contact area; 
ݎ - the distance from the centre to any point in the contact area.  
 
 
Figure 2.1 Graphical representation of the stick-slip regions [7] 
 
When the tangential force ௧݂ is applied as shown in Figure 2.1, the incipient 
slippage and stick regions develop due to different pressure distribution. When 
the finger is moved relative to the object the stick region of the skin sticks to 
the object and moves relative to the finger, while the slip region of the skin 
slips along the object and does not move with it. As the slip increases the slip 
region also increases and the stick region decreases until contact is lost and 
gross slippage occurs. 
Eguchi et al. [10] used white light interferometry to visualise the real contact 
area (Figure 2.2) obtained between a rough rubber hemisphere and a glass 
plate. The real contact area decreased with increase in the applied tangential 
force, and became approximately constant during macro-sliding (bulk 
slippage). They noticed that the real shear stress increased linearly during 
micro-sliding (incipient slippage) and became constant during macro-sliding 
(gross slippage). 
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Figure 2.2 Stick-slip regions and real contact area [10] 
 
Ito et al. [11] developed a vision-based deformable touchpad tactile sensor to 
estimate the contact region with the object (Figure 2.3). Authors state that their 
approach can be used to detect slippage by monitoring the changes in the 
contact region with the object. Their method is based on the classification of 
dots (printed on the inside of the touchpad) as non-contacting, sticking or 
slipping.  
 
Figure 2.3 Contact region representation [11] 
The process proposed by the authors is slow because a six-step image 
processing is required to detect the dots in a captured image and compute their 
movement.  
 
All three approaches presented above use visual methods to monitor changes in 
the contact area with the object and predict slippage based on those changes. 
These visual methods are relatively slow due to the need to perform complex 
digital image processing. Modern vision cameras can provide 30 images/s (i.e. 
one every 32 ms as in Watanabe and Obinata [7]), but several image processing 
steps may be needed to determine reliably a change in the contact region (5 
steps used by Ito et al. [11]). However, these approaches provide valuable tools 
for visualisation of contact region behaviour during interaction with an object.  
These methods are obviously very different from the slippage detection of the 
human tactile system, which demonstrates that man-made tactile sensing 
designs are not limited to the biological model or a specific technology. 
However, the human object manipulation dexterity is partially due to the 
impressive capability of the human tactile sense, which is a significant 
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challenge to replicate, but at the same time a great source of inspiration [13], 
and therefore worth considering.  
  
2.2 Human Tactile Sensing 
Tactile sensing lags significantly behind other areas of development in 
robotics. The ability to sense slippage, normal grasp forces and tangential 
forces in one sensor package, with sensitivity and load-bearing capacity similar 
to that offered by the human skin proves to be a major challenge for research 
and industry. 
Researchers have developed a large array of tactile sensors that attempt to 
replicate the performance of the human tactile sense. Therefore a logical 
starting point is to review the human tactile sensing, man-made tactile sensors 
and strategies developed for tactile sensing and slippage detection.  
Human skin contains a complex arrangement of several types of sensors called 
mechanoreceptors that sense various physical parameters as a result of 
mechanical or thermal action on the skin [14], [15], [16], [17]. 
Complex biochemical processes take place in nerve endings and nerve fibres to 
generate and transmit coded electrical signals to the spinal cord and the brain 
[14], [15], [16], [17]. The focus of this brief review will be on the types of 
receptors (sensors) present in the skin, their role in the overall human tactile 
sensing system and their relevance to robotic tactile sensing.  
2.2.1 The human skin and its mechanoreceptors 
It is a robotics researcher’s dream to achieve human-like sensing abilities in a 
robot. The receptors in the human skin allow sensing of initial touch, normal 
(perpendicular) force, shear force (tangential skin stretch), temperature (warm 
and cold), vibration and pain. These receptors are embedded in the dermis and 
epidermis of hairy and glabrous (hairless) human skin, and are activated by 
mechanical deformation or in the case of pain by chemicals released as a result 
of tissue damage [14]. 
Researchers [14], [15], [16], [17] revealed that the following mechanoreceptors 
are present in the glabrous skin of the human hand, as depicted in Figure 2.4: 
x Hair follicle receptors – detect the speed and direction of hair follicle 
displacement and are found in the dermis of hairy skin; 
x Ruffini corpuscle – sense the force and direction of skin stretch and are 
found in the dermis of hairy and glabrous skin; 
x Pacinian corpuscles - sense vibration and are most sensitive in the range 
of 100-300 Hz. They are located deep in the dermis in both hairy and 
glabrous skin as shown in Figure 2.4; 
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x Meissner corpuscules – detect frequency and direction of movement 
and are most sensitive in the range of 20-40 Hz. They are located in the 
dermis of glabrous skin; 
x Merkel disks – detect location and magnitude of pressure (several 
receptors can sense the shape of an object), and are located in the 
dermis of glabrous skin; 
x Free (bare) nerve endings 
o Some of these nerve endings can detect pain and therefore 
function as nociceptors; 
o Some can detect temperature and therefore these nerve endings 
function as thermoreceptors; 
o Some can detect rough touch, pressure and stretch and therefore 
function as mechanoreceptors.  
 
 
Figure 2.4 Skin receptors [16] 
 
The highest concentration of sensors in the human hand is located in the 
fingertips, which equips the fingertips with the highest spatial discrimination 
resolution [16]. 
2.2.2 Slowly and fast adapting receptors 
Human skin receptors are categorised [14], [15], [16], [17], [18] based on their 
reaction to stimulus as follows: 
x slowly adapting (SA)  
x fast (rapidly) adapting (FA) receptors  
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The slowly adapting receptors generate continuous coded signals from the time 
the stimulus is applied until it is removed [14], [15], [16], [17]. The receptors 
in this category are the Merkel’s discs and Ruffini’s endings [14], [15], [16], 
[17], as displayed in Figure 2.5. Klatzky and Lederman [17] determined that 
the mechanoreceptors in the human skin are capable of detecting mechanical 
stimulus at intervals of about 1.4 ms. Therefore, the falling and rising edges of 
a detectable stimulus as shown in Figure 2.5 are likely to be as short as a few 
hundred microseconds. 
 
Figure 2.5 Slowly adapting (SA) and fast adapting (FA) receptors  [16] 
As Figure 2.5 shows, the rapidly adapting receptors generate a coded signal for 
a short period when stimulus is applied and then again for a short period while 
the stimulus is being removed [16]. The receptors in this category are the 
Pacinian corpuscles, Meissner’s corpuscules and the Hair follicle endings [16], 
[18], as depicted in Figure 2.5.  
Figure 2.5 also illustrates the firing “codes” of four mechanoreceptor types. 
These firing codes are strikingly similar to modern day digital communication 
signals. 
The free nerve endings may be either slowly adapting or rapidly adapting, 
depending on the function that they perform and the type of messages that they 
carry [18]. 
 
Figure 2.6 illustrates the frequency-sensitivity ranges of the Meissner’s and 
Pacinian corpuscules, and the required minimum skin indentation amount in 
order to detect a particular vibration frequency [16]. Figure 2.6 shows that the 
touch sensitivity of these two corpuscules is nonlinear, and their highest 
sensitivity to touch is close to the midrange of the frequency ranges to which 
they respond. 
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Figure 2.6 Frequency sensitivity of Meissner’s & Pacinian corpuscle [16] 
A summary of the skin mechanoreceptors and their sensing abilities is shown 
in Table 2.1. The mechanoreceptors described in this table have the ability to 
sense touch in the form of flutter, movement, vibration, skin stretch, pressure 
on skin and sense the form of the touched object. Free nerve endings can sense 
the instant of contact with an object, and also pain and temperature changes.  
 
Table 2.1: Cutaneous mechanoreceptors and their properties. Table adapted from 
reference [18]. 
Receptor Type Sensation Signals Adaptation 
Meissner 
Corpuscule 
Encapsulated & 
layered 
Touch: Flutter, 
Movement 
Frequency / 
Velocity & 
Direction 
Rapid 
Pacinian 
Corpuscule 
Encapsulated & 
layered 
Touch: 
Vibration Frequency Rapid 
Ruffini 
Corpuscule 
Encapsulated 
collagen 
Touch: Skin 
Stretch 
Direction & 
Force Slow 
Hair 
Follicle 
Un-encapsulated 
Touch: 
Movement 
Direction & 
Velocity Rapid 
Merkel 
Complex 
(disk) 
Special 
epithelial cell 
Touch:  
Pressure,  
Form 
Location & 
Magnitude 
Slow 
Free Nerve 
Ending 
Un-encapsulated Touch, Pain or 
Temperature 
Tissue damage, 
Contact or 
Temperature 
change 
Depends on 
information 
carried 
 
From the sensing perspective, of particular interest in Table 2.1 are the various 
signals detectable by each mechanoreceptor type, namely frequency, velocity, 
direction, force, location, contact (touch instant) and temperature. An 
interesting signal is pain, which is analogous to device or system fault 
detection in technology.  
From a robotics tactile sensing perspective, Table 2.1 shows that the 
impressive human tactile sensing ability is based on six different tactile sensing 
“technologies”, and processed by the powerful human nervous system and 
brain. It can also be concluded from Table 2.1 that each of the six sensing 
“technologies” of the human tactile system has something to offer, but none 
has the complete answer to tactile sensing on its own. 
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2.3 Adequate Grasp Force Estimation in Robotic Manipulation 
Industrial robots manipulate known objects fast, safely and reliably even 
without tactile sensors. This is possible because they are typically equipped 
with dedicated grasping devices designed specifically for a known range of 
manipulated objects; the grasp forces required are pre-determined and 
programmed into robot controllers in advance. Autonomous manipulation of 
generic objects with unknown characteristics adds a degree of difficulty due to 
the need to estimate grasp forces on-the-fly.  
Adequate grasp force estimation is essential to autonomous object grasping and 
safe manipulation, and for prolonging the life of grasping mechanisms and 
tactile sensors. Grasp force estimation improves robot’s chances to grasp and 
manipulate an object autonomously close to optimum conditions on the first 
attempt, which in turn improves robot’s object manipulation dexterity.  
 
Wing and Flanagan [19] present findings of how humans control the grasp 
force based on tactile sensing. They state that the grip force adjustments occur 
simultaneously with or slightly ahead of fluctuations in load forces and torques 
that develop during object manipulation (Figure 2.7). Because this grasp force 
behaviour includes anticipation of expected forces, they suggest that humans 
have an internal predictive model for object grasp force control. Authors also 
suggest that the internal grasp force control model allows humans to maintain a 
grasp force safety margin during static holding that can be as low as 10 %. This 
indicates that for effective robotic grasp force control it is necessary to develop 
a control model capable of predicting the dynamic changes in the grasp load 
and acting pre-emptively to maintain an adequate grasp during object 
manipulation. 
 
Figure 2.7 Human grasp force control [19] 
 
Maeno et al. [20] state that the mechanoreceptors in the human skin (Figure 
2.8) are located precisely at the points of high stress concentrations, as 
suggested by their Finite Element analysis of the human finger model.  
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Figure 2.8 Relative location of mechanoreceptor in the human skin  [20] 
This is important because the location of mechanoreceptors at high stress 
concentration points allows the stress stimulus to be sensed with higher 
resolution than would otherwise be possible. However, locating sensors at high 
stress concentration points also requires sensors to be rugged and durable in 
order to withstand high stresses, without performance deterioration throughout 
their intended life. This points to the fact that not only does one need good 
sensors and a good control strategy, but also understand how to place the 
sensors strategically to maximise sensor effectiveness and data gathering 
efficiency for the purpose of adequate grasp force control. 
 
When sufficient object parameters such as the mass, shape, size, coefficient of 
friction and centre of mass are known, the required grasp forces could be 
calculated and applied dynamically during manipulation without the need to 
sense slippage. However, knowledge of these parameters in advance does not 
guarantee optimum application of grasp forces under all conditions. Therefore, 
in their search for an optimum tactile sensing solution, researchers have 
developed a large array of sensors based on many transduction technologies.  
 
An objective of this thesis is to find a suitable slippage prevention solution that 
could be used in industrial robotics. Therefore, related literature has been 
reviewed, and a small part of the large amount of work done by researchers is 
summarised in the following section. 
 
2.4 Sensors and Strategies Developed for Tactile Sensing and Slippage 
Detection 
A man-made sensor is a device that converts a mechanical, thermal, 
electromagnetic or chemical stimulus into an electric signal that can be sensed 
and processed by a computer. Based on how sensors acquire their stimulus they 
could be divided into direct contact sensing and indirect sensing or non-contact 
sensing [8]. 
 Page 26 of 240 
 
In technology, indirect or non-contact type sensing is achieved using sound 
waves, light rays, magnetic flux, electric field, etc. Direct contact sensing is 
achieved by physical contact with the object and is recognised in literature as 
tactile sensing. An appropriate definition was formulated by Russel [21]: 
“Tactile sensing covers any sensing modality which requires physical 
contact between sensors and an external object”.   
To fulfil all robotic tactile sensory needs with a single transduction technology 
is close to impossible [13]. Therefore many transduction technologies have 
been used by researchers for tactile sensor development including capacitive, 
resistive/conductive, piezoelectric, pyroelectric, piezoresistive, optic, 
ultrasonic, magnetic, magneto-electric, mechanical (on/off) and quantum 
tunnelling, as found in literature. 
Capacitive sensors are based on the phenomena of electric charge storage in an 
electric field [22].  
Resistive sensors are based on the phenomena of movable electric charge flow 
(current flow) when a potential difference (voltage) is applied across a 
conductive material [22]. A resistive strain gauge is an example of a resistive 
sensor [23]. The resistance in materials such as Platinum increases with 
increase in temperature, which makes them good temperature measurement 
sensors. An example of such a sensor is the RTD (resistive temperature device) 
[8]. Thermistors are also an example of resistive sensors made from 
semiconducting materials that increase their resistance as temperature increases 
(PTC thermistors) or decrease resistance as temperature increases (NTC 
thermistors) [8]. Some resistive sensors designs are based on composite 
materials. Examples are conductive elastomers that have been doped with 
conductive particles [24], whose resistance change mechanism is also referred 
to as the “percolation” mechanism [25]. 
The piezoelectric sensors exploit the piezoelectric effect that takes place in 
some materials such as quartz and piezoelectric ceramics. When the crystal 
lattice is mechanically stressed, the charge imbalance creates a potential 
difference (voltage) proportional to the applied stress [8]. 
The pyroelectric sensor is based on the pyroelectric effect that takes place in 
some materials such as quartz and piezoelectric ceramics. When a pyroelectric 
material is subjected to temperature changes (thermal stresses) the crystal 
behaves as if it was subjected to mechanical stresses [22].  
The piezoresistive sensors exploit the piezoresistive effect (increase in 
resistance as a result of an applied stress) that takes place in some metals and 
semiconductors [8]. 
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Magnetic sensors change state in the presence of a magnetic field [8]. Reed 
switches are an example of a simple magnetic sensor whose contact closes in 
the presence of a magnetic field. 
Ultrasonic sensors are based on the time-of-flight of sound principle [8]. The 
sensor generates high frequency sound pulses from a piezoelectric sound 
source and measures the time needed for the echo to return to the sound source. 
Ultrasonic sensors are based on the same principle as the better known sonar 
used in submarines. 
The magneto-electric effect is the phenomenon of inducing magnetic 
polarization by applying an external electric field, or inducing electric 
polarization by applying an external magnetic field. Induction, hall-effect and 
variable reluctance sensors are examples of this transduction principle. Hall-
effect sensors can be implemented using MEMS technology.  Induction, hall-
effect and variable reluctance sensors can be used for static force measurement 
applications [26]. 
Mechanical tactile sensors are typically on/off binary switches that can be used 
to represent the state of contact with an object, such as the instance and 
location of touch [22]. 
Optic sensors are based on the photoelectric effect. The photoelectric effect is 
used to produce photoconductive, photovoltaic, photoemissive and 
photojunction based sensors. Examples of such sensors are the light-dependent 
resistor, the solar cell, the phototube and the photodiode respectively. These are 
part of a group called “quantum detectors” [8]. The photoelastic effect is also 
part of the optic sensing category. When strained, photoelastic materials 
influence light propagation through them in a measurable way. 
Quantum tunnelling sensors are based on the quantum tunnelling principle, in 
which electrons can cross an insulation barrier and be in a state that cannot be 
explained by classical physics. This allows electrical conduction through a thin 
insulation between two conductors when a potential difference is applied 
across the insulation, even though according to classical physics this should not 
be possible if the electrons do not have sufficient energy to pass through that 
insulation. 
A search for tactile sensors in the marketplace reveals that most sensors are 
still at the laboratory prototype level; those commercially available at the time 
of writing were either not tough enough or not sensitive enough for industrial 
robotics applications. However, it is important to look at the various tactile 
sensor development approaches taken by researchers for two main reasons: to 
learn from what has already been tried and to avoid duplication of the work 
already done.  
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Tactile sensors can be classified into two main categories: those intended for 
robot skin applications, and those intended for robot hand and finger 
applications (typically higher resolution) [27], [28], [29].  
Tactile sensors can be simple binary on-off sensors, or more complex sensors 
that detect normal forces, tangential forces and vibration in order to facilitate 
object grasp force and slippage control [27], [21], [28]. A single-sensor 
technology that is ideally suited for robotic tactile sensing applications has not 
yet been developed [22].  
Typical industrial robotics applications require the ability to handle significant 
loads; a 50 N load is towards the low end of the load-scale in industrial 
robotics. It is well known that the friction force between the object and the 
gripper is typically lower during object slippage, meaning that larger grasp 
forces will be needed to stop the object from slipping than would be necessary 
to hold the object when it is not slipping. In other words, “prevention is better 
than cure”, but sensors have to be capable of withstanding higher loads, such as 
those applied to stop object slippage when this occurs.  
Therefore sensor load-bearing capacity and the ability to maintain its 
sensitivity at maximum load are important sensor selection criteria that 
determine the suitability of a sensing technology for industrial robotics 
applications. 
There is a large amount of literature on the subjects of tactile sensors and 
strategies developed for tactile slippage detection and control, therefore only a 
small selection of this literature could be presented in this section. 
 
Daly [30] used a “system” approach to develop a slippage sensor that forms an 
integral part of a gripper (Figure 2.9). Slippage sensing is based on the spring-
back effect (stick-slip) of a resilient (elastic) pad that incorporates an 
embedded accelerometer.  The second pad on the same gripper jaw is hard and 
smooth. The pads on the opposite gripper jaw are also hard and smooth.  
The gripper detects slippage by monitoring accelerometer vibration caused by 
the displacement and spring-back of the resilient pad during object slippage. A 
second accelerometer fixed to the same gripper jaw as the embedded 
accelerometer acts as a reference. 
The author states that this slippage control system makes it possible to control 
the amount of object slippage, such as would be necessary during assembly 
operations in manufacturing. The control computer makes grasp force control 
decisions based on the vibration data that it receives from the two 
accelerometers. 
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Figure 2.9 Embedded accelerometer (1), fixed accelerometer (2), resilie nt pad (3), 
hard and smooth pads (4), differential amplifier (5), control computer (6), gripper 
motor (7), manipulated object (8) [30] 
 
Bicchi et al. [31] presented a method to obtain an estimate of the coefficient of 
friction (μ) between a force-torque tactile sensor and the manipulated object for 
the purpose of estimating the grasp force necessary to prevent slippage. They 
notices that the solution becomes complex when twisting moments occur 
(Figure 2.10), and slip conditions depend on the distribution of normal and 
tangential stress in the contact area. They point out that the coefficients of 
friction estimated during object manipulation are only “apparent” coefficients 
of friction. Therefore they proposed that in order to obtain an accurate 
coefficient of friction estimate during object manipulation, the translational and 
rotational friction components at the contact interface must be taken into 
account.  
 
Figure 2.10 Twisting moment qz in a robotic finger grasp [31] 
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Tremblay and Cutkosky [2] used accelerometers (Figure 2.11) to detect 
incipient slippage of grasped object by sensing minute (i.e. small amplitude) 
vibrations caused by the propagation of the slip regions within the contact area. 
They used incipient slippage together with normal force ܨ௡ sensing and 
tangential force ܨ௧ sensing to obtain an estimate of the static coefficient of 
friction Ɋ௦. The static coefficient of friction was then used by the manipulator 
to compute and control its grasp force to prevent object slippage during object 
manipulation. The relationship is given by 
 
ܨ௡ ൌ ቀ
ி೟
ஜೞ
ቁ כ ܭ௦                  (2-2) 
 
Where, 
ܭ௦  is a factor of safety constant (i.e. a preset grasp force safety margin) 
 
 
Figure 2.11 Friction coefficient estimation based on incipient slippage  [2] 
However, this approach is susceptible to numerous artefacts due to 
environmental vibrations, which makes it difficult to extract the incipient 
slippage signals of interest. 
 
Mingrino et al. [4] introduced a force sensor based on a force sensing resistor 
(FSR), designed to detect object slippage as well as control grasp force 
simultaneously as shown in Figure 2.12. This sensor is capable of sensing 
simultaneously tangential (shear) and normal contact forces applied during 
grasp and vibrations induced by object slippage. 
When normal force is applied to the sensor, all four sensing elements A, B, C, 
D in Figure 2.12a are loaded approximately equally. When tangential force is 
applied the sensing elements are loaded un-equally but proportionally to the 
direction and magnitude of the applied force. This allows the sensor to 
differentiate between normal and tangential force, and also sense changes in 
tangential force due to slippage. 
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Figure 2.12 Force sensing resistor (FSR) based tactile sensor a) sensor design 
principle b) sensor assembled into a tactile probe  [4] 
 
The normal force ܨ௡, tangential force ܨ௧ and the tangential force components ܨ௫ 
and ܨ௬ as illustrated in Figure 2.13 were computed as follows 
ۉ
ۈ
ۇி೙ୀξሺை௨௧஺మାை௨௧஻మାை௨௧஼మାை௨௧஽మிೣ ୀሾை௨௧஺ାை௨௧஻ሿିሾை௨௧஼ାை௨௧஽ሿ
ி೤ୀሾை௨௧஺ାை௨௧஽ሿିሾை௨௧஻ାை௨௧஼ሿ
ி೟ୀටிೣమାி೤మ ی
ۋ
ۊ
                    (2-3) 
Where, ܱݑݐܣ, ܱݑݐܤ, ܱݑݐܥ and ܱݑݐܦ are the outputs from the sensor elements 
ܣ, ܤ, ܥ and ܦ respectively. 
 
Figure 2.13 Force vectors on the FSR sensor [4] 
 
The sensor is bulk and not suitable for a high density array. However the 
concept is interesting as it provides normal and tangential force sensing as well 
as vibration sensing in a simple design. Force sensing resistors are fragile and 
not suitable for loads typically encountered in industrial robotics. This sensor 
was not commercially available at the time of this writing. 
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Canepa et al. [5] conducted a feasibility study simulation to determine whether 
neural networks can be used to detect incipient slippage when a body is 
pressing on a skin-like sensor (Figure 2.14). The finite element method (FEA) 
was used to solve the problem of elastic contact in its full non-linearity.  
 
Figure 2.14 Schematic of tactile sensor model used in conjunction with neural 
network to detect incipient slippage [5] 
 
Each tactel (tactile sensing element) of the proposed tactile sensor as 
highlighted in Figure 2.14 has two elements: one that is designed to measure 
normal forces and one designed to measure tangential forces. The tactile 
elements are based on piezoelectric polymer technology that produces a 
voltage when stressed. In the case of this sensor, one element is sensitive to 
normal (compressive) stress and one to tangential (shear) stress. 
The assumption made in this model is that the Amonton's law of friction with a 
constant coefficient μ applies and therefore the stick-slip action that generates 
the incipient slippage vibration takes place when the stick regions obey the 
following relationship 
 ȁݍሺݔǡ ݕሻȁ ൑ หɊ൫݌ሺݔǡ ݕሻ൯ห     (2-4) 
Where 
ݍሺݔǡ ݕሻ is the tangential (shear) traction force field and ݌ሺݔǡ ݕሻ is the normal 
force field.  
The key advantage of this sensor design is that a priori knowledge of the 
coefficient of friction between the sensor and the manipulated object is not 
necessary. No load-bearing capacity data is given for this sensor, and a sensor 
that works on this principle was not commercially available at the time of this 
writing. 
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Russell [32] designed and constructed an optic tactile sensor called a 
Nephelometric tactile sensor as shown in Figure 2.15.  
 
Figure 2.15 Nephelometric tactile sensor [32] 
A notable advantage of this sensor over similar optical sensors is that this 
sensor does not use a reflecting membrane (that can affect depth measurement 
accuracy if distorted by touch) as a displacement reference. The sensor array 
was built using arrays of light-emitting diodes (LEDs) focusing on a layer of 
turbid liquid that reflects the light onto an array of phototransistors. The sensor 
is based on the light scattering principle where light is scattered if it encounters 
a particle that is 1/20 or less of the wavelength of the light. A thicker turbid 
liquid layer will scatter more light. Therefore, when the sensor is compressed 
during contact with an object the liquid layer is reduced in that area and the 
transistors receive reflected light proportional to the reduction in the liquid 
layer thickness. 
This fluid-filled sensor could be used for normal force sensing applications, but 
in its basic design is not suitable for tangential force sensing. The sensor could 
be manufactured in relatively high density array, and therefore would be 
suitable as finger tactile sensor. Most likely application would be as robot body 
skin sensor. No load bearing data is given for this sensor. This sensor was not 
commercially available at the time of this writing. 
 
Nakayama et al. [33] developed the double octagon tactile sensor (DOTS) 
based on strain gauge technology (Figure 2.16). The sensor can sense 
tangential (shear) force and grasp (normal) force. Authors state that due to its 
strain gauge based design the sensor has high sensitivity but it is also rugged 
due to its solid construction. The sensor was tested with normal force loads of 
166 N and shear force loads of 30 N. The sensor in its prototype stage is large 
but has the potential to be miniaturised to make it usable for small robot hands. 
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Figure 2.16 Double-octagon tactile sensor [33] 
 
Hakozaki and Shinod [34] developed a skin-like capacitive tactile sensor 
(Figure 2.17) using capacitive sensing elements sandwiched between 
conductive rubber layers that act as the communication medium. The sensing 
elements contain a signal processor that can also broadcast coded sensing data 
to controller. The developed sensing array is intended for use as a robot skin 
with lower resolution requirements than tactile sensors intended for slippage 
detection. However, the concept of using the sensor construction material as 
the communication medium to eliminate wires significantly simplifies the 
sensor. 
 
Figure 2.17 skin-like capacitive tactile sensor with embedded communication  [34] 
 
Kamiyama et al. [35] developed and evaluated a vision-based tactile sensor. 
The sensor has a transparent body and incorporates red and blue markers inside 
the transparent body. The markers are used to show sensor body displacement 
when a force or torque is applied to the sensor by using a CCD camera (Figure 
2.18).  
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Figure 2.18 Blue and red markers show displacement when a force is applied  [35] 
 
 
Figure 2.19 Marker displacement vectors when normal force was applied  [35] 
 
 
Figure 2.20 Marker displacement vectors when torque is applied  [35] 
First the displacement vectors are computed (Figure 2.19 and 2.20). The 
distribution of force vectors is then computed from the displacement vectors 
using the “theory of elasticity” [36]. Authors state that the sensor has 50 μm 
accuracy for determining displacement vectors, 294 mN magnitude resolution 
and a 5° angular resolution of calculated force.  
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Tegin and Wikander [13] conducted a review of tactile sensing and proposed a 
classification of tactile sensors based on sensor location and the medium of 
actuation as shown in Figure 2.21. Using this approach the tactile sensors were 
classified as extrinsic (externally mounted sensing device), intrinsic (internally 
mounted sensing device) and fluid-filled. 
 
Figure 2.21 Tactile sensors: extrinsic (a), intrinsic (b), fluid -filled (c) [13] 
 
This is a useful classification as it makes it possible to analyse parameters such 
as sensitivity, fragility and environmental robustness of each sensor class, and 
use this information early in new sensor designs. 
 
Weiss and Worn [24] reported the construction of a polymer-based resistive 
tactile sensor. Polymer-based resistive tactile sensors are robust and can 
withstand significant overpressure, shock and vibration due to simple 
construction. The load-dependent change in resistivity is collected using a 
matrix of electrodes (Figure 2.22) and a simple signal conditioning circuit. 
 
Figure 2.22 Working principle of doped polymer tactile sensor [24] 
The sensor material consists of a binder polymer doped with conductive 
particles. An important observation is the fact that the binder polymer 
determines the measurement range and stability of the sensor. Silicone rubber 
is stable even at high temperature, and is preferred for small tactile sensors as 
needed by robotic hands. Cross-linking liquid silicone rubber come as two 
parts and has to be mixed prior to use, and can be formed using simple 
compression moulds (curing for 3 min at 150 °C). 
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The desired volume conductivity of the material is controlled by the amount of 
conductive filler used. Unfortunately, it is not possible to calculate the volume 
and surface resistance based on the concentration of the conductive filler 
particles theoretically, because it relies on many empiric factors like particle 
size, surface area, surface chemistry and even on the binder polymer used.  
The change in sensor resistance with applied load is given by 
 ܴሺܨሻ ൌ ʹܴ௦ ൅ܴ௩      (2-5) 
Where 
ܴሺܨሻ - load dependent resistance 
ܴ௦ - electrical interface  resistance 
ܴ௩ - is the sensor material resistance over the electrode gap 
 
Figure 2.23 Resistive circuit in a doped polymer tactile sensor  [24] 
No specific load bearing values are given for the doped polymer tactile sensor, 
but it is a robust sensor that can be used for heavier normal force sensing. 
However this sensor cannot sense tangential forces in its basic form and 
therefore is not directly useful for slippage detection. This type of sensor 
material is currently commercially available but has low sensitivity. 
Lee et all. [37] proposed a modular MEMS expandable capacitive tactile sensor 
using PDMS (polydimethylsiloxane) elastomer as shown in Figure 2.24.  
 
Figure 2.24 Capacitive tactile sensor [37] 
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The sensor module is an array of 16 x 16 capacitive tactile cells with 1 mm 
spatial resolution, similar to that of human skin. As described by authors, the 
initial capacitance was found to be 180 fF and the response of a tactile cell has 
been measured with a force gauge and showed a sensitivity of 3 % per mN 
(within the range of 0-40 mN). From this information and the sensor 
performance data presented by authors it is estimated that the sensitivity of the 
developed capacitive sensor is approximately 5.4 fF/mN. 
Figure 2.25 illustrates the strategy used to determine the output voltage ଴ܸ of 
each capacitive sensing element ܥ௣௜௫ in the sensor array, where ௦ܸ௧௘௣ is a step 
change in applied voltage to the capacitive sensing element and ܥ௙ is reference 
capacitance. 
 
Figure 2.25 Sensor array decoding strategy [37] 
 
This sensor has reasonable sensitivity but its allowable applied force range is 
low and is not practical for generic robot hand application, unless the robot is 
specifically required to apply only very low grasp forces. A typical industrial 
robot hand may encounter contact forces well in excess of 50 N. This sensor 
was not commercially available at the time of this writing. 
Kim et al. [38] proposed a MEMS piezoresistive tactile sensor with a square 
diaphragm size is 1.2 mm × 1.2 mm and strain gauges placed at the diaphragm 
edge to achieve high force sensitivity as shown in Figure 2.26. 
 Page 39 of 240 
 
 
Figure 2.26 Cross section of strain gauge based MEMS tactile sensor  [38] 
 
When a force is applied, the diaphragm is deformed, and the stress induced in 
the semiconductor strain gauges leads to resistance changes. To achieve 
maximum sensitivity, the strain gauges are placed at the points of maximum 
stress. 
This tactile sensor is very sensitive, however it lack robustness and because it 
has only a sensing range of 2 N it is not practical for industrial robot finger or 
hand applications. However it could be used in applications where low forces 
and high sensitivity is required.  
Mazid and Russell [39] developed an opto-tactile sensor that provides 
information about surface texture. This information can be used to recognise 
objects based on their surface texture. The prototype opto-tactile sensor was 
built and successfully tested on a number of different surface textures. They 
developed a mathematical model relating the sensor output voltage to the 
geometric parameters of surface roughness and irregularities as shown in the 
sketch of Figure 2:27. They determined that the reflected light intensity is a 
function of surface texture parameters as shown in the following relationship. 
ܫ ൌ ݂ሺ݈ǡ ݄ǡ ߙሻ              (2-6) 
Where, 
ܫ - Intensity of reflected light received by the phototransistor from the second 
fibre optic cable; 
݈ - Pitch distance between two consecutive peaks of surface texture; 
݄ - Height of a peak, from the valley, the stylus is in contact at some moment; 
ߙ - Angle of rise of a peak from the valley 
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Figure 2.27 Surface texture parameters [39] 
After evaluating the geometric relationships between I, l, h, and α, they derived 
the following equation. 
 ܫ ൌ ܥሺ݈Ȁʹ݄ሻ                 (2-7) 
 
Where, C is the coefficient of intensity for the system.  
The relationship between maximum output voltage and the reflected light from 
the LED to the phototransistor is governed by the interface circuit design. A 
smooth surface results in lower output voltages and smaller voltage variations 
than a rough surface. 
The principle of object surface assessment using this opto-tactile sensor is 
illustrated in Figure 2:28.  
 
Figure 2.28 Opto-tactile sensor for object surface recognition [39] 
The actual sensor is embedded into a larger surface area that provides support 
over a larger area and therefore maintains a stable reference in the direction 
perpendicular to the object surface. This allows the sensor to provide surface 
texture information relative to a stable reference height. The resolution of this 
sensor prototype has not been specified; it is dependent on the radius of the 
tactile probe and potentially capable of submicron resolution. 
This sensor could also be adapted to slippage detection as a discrete sensor that 
is in direct contact with the object, and as such provides reliable slippage 
feedback. However more work is needed to convert this principle from a 
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prototype into a sensor suitable for rugged tactile object slippage detection 
applications. 
 
Hollinger and Wanderley [40] conducted an evaluation of three commercial 
force-sensing resistors including Interlink FSR, the LuSense PS3 and the 
Tekscan FlexiForce A201. They conducted resistance drift with time tests, 
hysteresis tests and the time it took each sensor to reach its final resistance 
value. The tests were conducted from the musical instrument application 
perspective. Authors concluded that differences were found in the precision of 
the three devices, as well as in their linearity and response times. 
 
Dubey and Crowder [41] presented the design, construction and testing of a 
novel dynamic sensor based on the photoelastic effect (Figure 2.29) that is 
capable of detecting object slip as well as sense the normal force.  
Light emitted by a source passes via optic fibbers through the photoelastic 
material that is sandwiched between two filters called a “polarizer” and an 
“analyser”. After passing through the polariser, the polarized light is split into 
two rays inside the photoelastic material. The propagation velocity (and 
therefore the phase difference) of each ray depends on the magnitude of the 
two principal stresses in the photoelastic material, the ray wavelength, the 
thickness of the material through which each ray must pass, and the stress 
optical coefficient of the material. 
The two out of phase rays then pass through the “analyser” filter, which only 
transmits the components of the two rays that are in its plane of polarization, 
which results in the light intensity to vary at the receiver. This can then be used 
to measure the stress applied to the photoelastic element of the sensor, such as 
that generated by tangential and normal forces during object manipulation. 
 
Figure 2.29 Schematic of the proposed sensor based on the photoelastic effect [41] 
 
Petchartee and Monkman [3] investigated a pre-slip (incipient slippage) 
detection method on the surface of a manipulated object in a two-fingered 
precision manipulation (Figure 2.30). Predictive models have been used to 
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develop a set of rules to identify pre-slip based on fluctuations in the tactile 
signal data. However, the set of rules cannot be generalised to all manipulation 
cases and therefore have to be customised to independent situations. 
 
Figure 2.30 Robot grasping and moving object on a friction surface  [3] 
 
Park et al. [42] developed an exoskeletal force sensing robot finger (Figure 
2.31) using embedded Fibre Bragg Grating (FBG) sensors that are immune to 
electromagnetic interference. Multiple such sensors were embedded into the 
exoskeletal structure to allow measurement of contact forces and grasp forces. 
Embedded FBG sensors are sensitive to temperature changes; therefore a 
temperature sensor was built into the device to help isolate the undesirable 
thermal effects from the intended mechanical strain sensing.  
A sensitivity of 0.01 N at frequencies of around 20 Hz was obtained with the 
proposed tactile sensor. Authors do not state the maximum allowable force on 
the developed sensor. 
 
Figure 2.31 Exoskeletal force sensing robot finger using embedded Fibre Bragg 
Grating sensors [42] 
 
Wettels et al. [43] proposed a tactile sensor modelled after the human digit as 
shown in Figure 2.32 that consists of a rigid central core surrounded by a 
weakly conductive fluid contained within a silicone elastomeric skin.  
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Figure 2.32 Tactile sensor based on local impedance changes due to displaced flu id 
during touch [43] 
 
The transduction process incorporates the low-pass filter effects of the 
protective skin and fluid. The skin is resistant to wear, and has texture and 
tackiness similar to the biological fingertips.  
The electrodes are distributed along the inside-surface of the rigid core, and the 
sensitive components are embedded within the core.  
External forces deform the fluid paths (channels) around the electrodes, 
resulting in smaller conductive area and therefore higher impedance that 
contains information about force magnitude, force direction, point of contact 
and object shape. 
The impedance of each volumetric flow path from a given contact to a 
reference electrode can be measured by applying an alternating current to each 
contact. 
Authors claim good overall performance; however the design is at laboratory 
research level and is not ready for mounting on a robot hand in a multiple 
finger joint configuration, which has its own challenges in terms of 
miniaturisation and practicality.  
Mazid and Islam [44] investigated object slippage during object grasping and 
holding using a stylus-tipped tactile sensor. They estimated the appropriate 
grasp forces using an artificial neural network (ANN) to process the tactile data 
and developed a new relationship based on the scattered energy of vibration as 
shown below and depicted in Figure 2.33.  
ܧ௦௖ ൌ ݊ܨ௧௥ݒ ݐܽ݊෍൤ܿ݋ݐ ൬
ߜ௟௜
ݏ௟௜
൰൨
௡
௜ୀଵ
 
(2-8) 
Where, 
ܧ௦௖ – Total scattered energy of vibration; 
ܨ௧௥– Trial-grasping force possible to manipulate by a control system; 
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݊ – Number of irregularities a stylus has sensed during an object slippage; 
ݒ – Falling velocity of the slipping object; 
ߜ௟௜ǡ ݏ௟௜ – Geometry of surface irregularities of the object. 
 
Figure 2.33 Object slippage detection based on a stylus sensor embedded in the 
robot gripper [44] 
This sensor is an example of a discrete sensor and slippage detection approach 
that has inherent slippage detection capability and could be used for reliable 
slippage detection. However, the sensor would have to be miniaturised for easy 
incorporation into a robot gripper. 
Experimental results showed that by using ANN optimal grasp forces could be 
estimated with reasonable accuracy, but there is room for improvement.  The 
approach used a newly developed mathematical model to compute the scattered 
energy of vibration [45] based on surface texture geometry parameters as well 
as trial grasp force and other required parameters. The name “scattered energy 
of vibrations” was derived from the fact that the amount of energy initiated by 
vibrations is scattered away immediately after initiation [45]. 
Heever et al. [46] developed a tactile sensor array based on force sensing 
resistors (FSR) that together with an image resolution enhancement technique 
was used to differentiate between hard and soft objects that according to 
authors offers an acceptable resolution as required for medical palpation of 
lymphatic nodes found in the neck. The sensor array is not used for slippage 
detection but the resolution enhancement technique is of interest as it could be 
potentially used to increase the resolution of a tactile sensor array. 
Chia et al. [47] proposed a finger-shaped sensor array that provides data on 
contact force, micro-vibration and induced thermal flux by contact with 
external objects as shown in Figure 2:34. This is similar work to that done by 
Wettels et al. [43], but uses a hydrophone to detect micro-vibrations as those 
produced during slippage.  
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Figure 2.34 Tactile sensor uses hydro-acoustic pressure sensor to detect micro-
vibrations [47] 
The normal force is measured from changes in the fluid conductance between 
electrodes as a result of fluid being displaced by the applied pressure. The 
sensor was designed to measure normal and tangential forces which are 
detected by changes in impedance between electrodes, detection of slip-related 
micro-vibration detected by the hydro-acoustic pressure senor, and heat flow 
between the preheated core and contacted objects. 
Again, this is a “system” approach to tactile sensor design as proposed by 
Wettles et al [43]. This sensor design is the predecessor of the commercially 
available BioTac sensor from SynTouch. This sensor is rated at 50N load, 
which is impressive for a sensor that can sense object texture. 
 
Cheng et al. [48] developed a polymer-based capacitive tactile sensor array as 
shown in Figure 2.35. The sensor is capable of measuring normal and 
tangential (shear) forces. The array is manufactured on a flexible printed circuit 
board (FPCB) on which a polydimethlysiloxane (PDMS) sensing structure was 
developed using micromachining techniques. Each sensing element is made up 
of four capacitors. Each capacitor has a common electrode and two sensing 
electrodes (Figure 2.35). 
 
Figure 2.35 Polymer-based capacitive sensor. No force applied (a), normal force 
applied (b) and shear force applied (c)  [48]. 
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Applied shear force direction is determined as the difference in capacitance of 
the four sensing capacitors that comprise each sensing element (Figure 2.36). 
When normal force is applied, the output of each capacitor of the sensing 
element is approximately the same. 
 
Figure 2.36 Sensor outputs when subjected to shear force and normal force [48]. 
These sensors are responsive and were tested successfully with loads of less 
than 1 N, but could be damaged if subjected to larger loads. However these 
sensors are useful where high sensitivity within their load-bearing capacity is 
required. 
Slippage detection has not been attempted with these sensors, but due to their 
ability to sense tangential (shear) forces they have slippage detection 
capability. These sensors were designed with tangential force sensing 
specifically to make them suitable for slippage detection applications. 
Vibration monitoring and analysis techniques could be used with these sensors 
to detect incipient slippage and bulk slippage events. 
 
Cheng et al. [49] developed a highly twistable tactile sensor (Figure 2.37) 
based on conductive polymer that can measure applied pressure and forces due 
to twisting the sensor. The sensor is an 8 x 8 array with a base of 
polydimethlysiloxane (PDMS), sensing elements made of conductive polymer 
and twisted copper electrodes on a nylon backing that allow the sensor to be 
particularly flexible.  
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Figure 2.37 Flexible tactile sensor base on conductive polymer  [49] 
The sensor demonstrated a consistent response up to a pressure of 650 kPa, 
with a relatively flat response beyond 450 kPa. The decrease in electrical 
resistance follows an exponential decay relative to the applied pressure. The 
sensor is not intended for slippage detection but senses normal pressure and 
twist (tangential force not mentioned). 
 
Figure 2.38 Change in resistance with applied pressure [49] 
 
Figure 2.39 Change in resistance with applied twist  [49] 
 
Tiwana et all. [50] conducted a review of tactile sensing technologies with 
applications in biomedical engineering. They gave short descriptions, mode of 
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operation, advantages and disadvantages of capacitive, piezoresistive, 
piezoelectric, inductive, optoelectric, strain gauge and multi-component sensor 
technologies. Authors also list key application areas of tactile sensors in 
various industries and the related challenges facing tactile sensors. 
Authors state that a generic design guide is not effective for tactile sensor 
design, because sensor design requirements have to be refined according to the 
field of application. As an example, sensors designed for biomedical 
applications have significantly different requirements than those designed for 
use in the manufacturing industry, and as such are developed with significantly 
different characteristics and performance specifications. 
 
Takahashi et all. [51] developed a triaxial (3D) tactile sensor based on 
piezoresistive technology that can measure the three axial components of 
normal and shear stress independently. The sensor has been specifically 
designed to prevent applied stress crosstalk between the three axes in order to 
achieve measurements on each axis that are independent of the other axes. The 
sensor shows good linearity and good (but not total) crosstalk elimination 
between the axes. The sensor has been evaluated under the laboratory 
conditions with normal stress of 0-400 kPa and shear stress of 0-100 kPa. 
 
Ahmed et al. [52] developed a force sensor by embedding MEMS active and 
passive piezzo-resistors, configured in a half Wheatstone bridge, into a flexible 
polyimide layer. The sensor has 48 sensing elements with a high spatial 
resolution of 283 μm. The sensor also has high sensitivity (in the range of 
0.266 V/N to 2.248 V/N) but the working range is low: approximately 2.5 mN 
of normal force was applied to an area of 283 μm2. Sensor has good linearity 
but it is fragile and therefore cannot be used in direct contact with large loads 
as encountered in industrial robotics. No tangential force capability was 
mentioned by authors for this sensor, and as such it may not be suitable for 
slippage detection. 
 
Maria et al. [53] used the Extended Kalman Filter (EKF) to solve the non-
linear model of the tactile sensor contact geometry in real time. They proposed 
the use of sensor contact geometry estimation error of the EKF as a method of 
detecting incipient slippage events. In other words, a sudden change in sensor 
contact geometry results in a large EKF estimation error that is attributed to 
incipient slippage events. 
 
Viry et al [54] developed a flexible tri-axial capacitive force sensor (Figure 
2.40) that is similar in concept to that developed by Cheng et al [48], but is 
based on highly flexible textile electrodes  rather that more rigid metal 
electrodes. This sensor can sense tangential and normal force in a similar way 
to the sensor developed by Cheng et al [48], however this sensor can be 
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subjected to higher loads. Authors applied forces up to 12 N to the sensor 
during testing without damaging the sensor. 
Slippage detection using this sensor have not been reported, but like other tri-
axial sensors they could be used for slippage detection applications due to the 
ability of each sensing element in the sensor array to sense tangential forces as 
well as normal forces. 
 
Figure 2.40 Textile electrode-based capacitive tri-axial sensor [54] 
 
Figure 2.41 illustrates the physical sensor behaviour showing the deformation 
of the fluorosilicone dielectric layer during normal and tangential force 
application to the sensor.  
 
Figure 2.41 Normal force sensing (a) and tangential force sensing (b)  [54] 
 
Fernandez et al. [55] developed a method to detect slippage using an integrated 
robot “finger” (Figure 2.42), with an inbuilt cantilever beam with strain gauges 
mounted and a semi-circular finger tip mounted to the cantilever beam. The 
contact point with the object and micro-vibrations due to slippage are sensed 
by the strain gauges mounted on the cantilever beam. The authors state that 
they use a combination of discrete Fourier transform, fast Fourier transform 
(FFT) and power spectrum (PS) to detect slippage in real time. 
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Figure 2.42 Strain gauge based slippage detection sensor  [55] 
 
Zhang et al. [56] developed a tri-axial tactile sensor array for multi-fingered 
hand robotic grasping (Figure 2.43). The sensor is based on quantum tunnelling 
composites (QTC) as the sensing medium.  
 
 
Figure 2.43 Finger with tri-axial tactile sensor array fitted to the fingertip  [56] 
 
The conceptual design of the sensing element is shown in Figure 2.44. The 
sensing element as illustrated in Figure 2.44 is composed of a Silicone rubber 
dome (bump), a four electrode PCB layer, a QTC sensing layer and a base 
electrode PCB layer. 
 
Figure 2.44 Structure of tri-axial sensing element [56] 
The ݖǡ ݕǡ ݔ components of the force vector ܨ acting on the sensor are measured 
as follows. 
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൭ ிೣ ୀఎభ௏భିఎయ௏యி೤ୀఎమ௏మିఎర௏ర
ி೥ୀ௧ሺ௏భାఎమ௏మାఎయ௏యାఎర௏రሻ
൱               (2-9) 
Where, 
ݐ, ߟଵ, ߟଵ, ߟଵ, ߟଵ are sensing element calibration coefficients determined 
experimentally. 
Authors state that the developed sensor is capable of measuring the normal 
force range of 0.05–20 N and shear stress in the range of 0.05–10 N. Authors 
also state that the developed sensor was used successfully to detect slippage 
using a multi-finger robot hand, but the sensor had to be calibrated for various 
weights in order achieve a successful grasp when the weight was changing. 
 
Kappassov et all. [57] conducted a review of algorithms tactile-based control 
systems used for grasp stability estimation, tactile object recognition, tactile 
servoing and force control. Authors assess (from the control perspective)  the 
advantages and disadvantages of important tactile sensor design criteria 
including high spatial resolution, sensitivity, frequency response and surface 
friction, and low hysteresis and number of wire connections. 
They also look at advantages and disadvantages of some tactile sensor 
technologies from the performance and commercial availability perspective. 
They also list several sensors from these tactile sensor technology groups and 
provide data on their number of elements in the array, spatial resolution, 
sensitivity, dynamic range and data acquisition range. 
Authors also look at the advantages and disadvantages of several 
computational techniques intended to achieve a stable object grasp. They 
conclude with a summary of advantages and disadvantages of major tactile 
sensor types (contact pattern sensing, vibration sensing and force vector 
sensing) from the perspective of their suitability for achieving grasp stability, 
object recognition, tactile servoing and force control. 
 
Heyneman and Cutkosky [58] proposed a frequency-based slippage 
classification for dynamic tactile array sensors that can be used to discriminate 
between hand-object slippage and object-world slippage.  
This classification relies on examining how slippage affects a group of 
elements of a sensor array, compared to the way it affects individual elements 
of that array.  
The classification is based on the principle that more power is expected at array 
level when slippage occurs between object and world, but on the other hand 
more power at element level when slippage occurs between object and hand.  
Authors state that each of the two features identifies slippage location with an 
accuracy of more than 85%.  
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The large amount of available literature on tactile sensing is a great source of 
inspiration but also an indication that although a lot of work has been done, the 
all-in-one tactile solution for slippage sensing and control has not yet been 
found. 
Most sensor designs described here are still at laboratory proof-of-concept 
level. Some of these sensors suffer from instability while others are too fragile. 
As expected, most of these sensor prototypes are not ready for immediate use 
in industrial robotics, but provide valuable insight into the main challenges 
facing each of these designs, and even more importantly are a glimpse into the 
large number of possibilities limited only by researcher’s imagination.  
 
2.5 Grasp Strategies and devices 
Over the last few decades researchers have developed many object grasping 
strategies based on as many variations of grasping devices. As part of the 
search to find a suitable grasping device design for this project the related 
literature has been reviewed, however the amount of literature available is too 
large to summarise here. Therefore a small selection of different grasp control 
strategies and grasping devices are presented in this section. 
Cutkosky and Hyde [59] proposed the use of events as distinct triggers for 
actions and decision-making during grasping and manipulation to achieve 
smooth transitions from one manipulation phase to the next, as illustrated in 
Figure 2.45.  
 
Figure 2.45 Use of events as distinct triggers [59] 
A benefit of this approach is that it helps visualise the sequence of events, 
actions and decision making nodes. It also provides a reference for control 
software development. A complex set of events and actions would add further 
complexity, which is likely to make the diagram very complex and difficult to 
implement. None-the-less, the concept is useful for many potential robotic 
manipulation applications. 
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Namiki and Ishikawa [60] proposed a robot hand grasping method using visual 
and tactile sensor information as shown in Figure 2.46. This system is 
reasonably effective as it is based on real-time sensor feedback and a multi-
finger manipulator capable of wrapping the fingers around the manipulated 
object and therefore reducing the applied forces on the object. The grasping 
algorithm includes grasp evaluation and planning and was tested successfully 
by grasping a hexahedron. However the grasping algorithm has not been tested 
on complex-shaped objects that have appendages such as handles, which 
increases the grasp planning and execution difficulty.  
 
Figure 2.46 Grasping using sensor feedback [60] 
 
Allen et al. [61] propose the use of integrated vision, force and tactile sensing 
for grasping. Authors emphasize various aspects of object manipulation that 
make the vision or tactile sensors insufficient on their own for the grasping and 
object manipulation task. 
Given that vision requires significant processing time, the proposed approach 
in this case is to determine the grasping points before the actual grasping takes 
place, and therefore to allow sufficient time for planning the grasp offline when 
the task is not time-critical. Figure 2.47 shows tactile sensors attached to the 
robot hand used in the grasping experiments. 
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Figure 2.47 Force and tactile sensors on robot fingers [61] 
 
The layout of the system used for integrated vision, force and tactile sensing 
for grasping is illustrated in Figure 2.48.  
 
Figure 2.48 Integrated vision, force and tactile sensing - robot fingers are fitted with 
force and tactile sensors [61] 
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Once the robot grasps the object, vision can be used to help monitor the grasp 
stability. Authors point out that vision can be particularly useful for detecting 
and tracking objects in unstructured environments, but mention that an 
important aspect of object manipulation is that grasping and manipulation 
require real-time sensory feedback, and vision may not be able to provide 
feedback fast enough.  
They also point out the challenges created by object occlusion and the obvious 
fact that vision (as provided by the robot vision cameras) cannot provide 
accurate force measurements. 
Obviously, the vision systems are much faster now than they were at the time 
when the authors proposed this approach. However, the speed of the tactile 
sensor feedback processing has also increased, and therefore the points made 
by the authors about the speed of the vision system relative to tactile sensing 
remains largely valid. 
Once the robot grasps the object, vision can be used to help monitor the grasp 
stability. Authors point out that vision can be particularly useful for detecting 
and tracking objects in unstructured environments, but mention that an 
important aspect of object manipulation is that grasping and manipulation 
require real-time sensory feedback, and vision may not be able to provide 
feedback in real time. They also mention the challenges created by object 
occlusion, which increases grasp planning complexity. 
 
Boshra and Zhang [62] present a technique for localizing a polyhedral object in 
a robot hand by integrating visual and tactile data. In their project object 
localization is performed by matching a set of visual and tactile features with 
the corresponding model features (Figure 2.49). Tactile sensing is used to 
determine partial object position and orientation. The position and orientation 
data that cannot be determined by tactile sensing is obtained by adding the 
features determined visually to the feature determined by the tactile sense. 
Filters are used to reduce the number of model features that need to be matched 
to a given scene. 
 
Figure 2.49 Polyhedral object localisation [62] – the vision system has identified 
and highlighted the object in the robot gripper  
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Authors state that the performance of their technique using both simulated and 
real data is superior to vision-only localization, particularly in its capability of 
determining the object pose under heavy occlusion, the number of generated 
pose assumptions and accuracy of estimating the object depth.  
It is well known that visual data captures the visible part of the object that is 
not occluded. As the authors suggest, tactile data can provide useful missing 
information about visually occluded parts of the object.  
One can intuitively expect that superior object localization performance can be 
achieved by integrating vision and tactile sensory data, than can be achieved by 
using vision or tactile sensing on their own. 
This work was done using a simple robot gripper and therefore complex object 
shapes could not be used in the experiments. Tactile information can be useful 
in determining the shape of the occluded object parts. However, larger objects 
would need significant manipulation in order to reach object’s extremities. This 
would be more suitable for a robot with two human-like hands in order to 
facilitate large object manipulation and even make object manipulation of large 
objects possible. 
 
Pelossof et al. [6] proposed a method for determining an optimal grasp scenario 
using a grasping simulator called GraspIt (Figure 2.50), in conjunction with an 
SVM (support vector machine) learning approach. This provides a system for 
testing different robotic hands and analysis of grasping quality. According to 
the authors one of the benefits of this approach is that learned grasp 
information can be transferred to other objects. 
 
Figure 2.50 The GraspIt SVM simulator [6] 
The system has been tested with relatively simple objects and using only one 
type of robotic hand. However GraspIt allows other hand and object models to 
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be imported and therefore this method can be extended to different types of 
robotic hand or class of objects. Authors acknowledge that this method uses a 
“blind” grasp and help from a vision system would improve the performance of 
their technique. 
 
Khalil and Payeur [63] present a review of trends in autonomous robotic 
interaction with the environment, mainly those robotic applications using 
vision and tactile sensing. They propose a framework for solving 3D 
deformable object grasping and manipulation tasks (Figure 2.51). The 
framework is an extension of work done by Howard and Bekey [64], and 
incorporates both the control and modelling aspects of grasping and 
manipulation tasks. 
 
Figure 2.51 Framework for solving 3D deformable object grasping and manipulation 
tasks [63] 
 
Prats et al. [65] presented an approach for integrating vision, tactile and force 
sensors in a robotic manipulation framework (Figures 2.52 and 2.53). In this 
approach a position-based visual servoing loop controls the hand task, using as 
input data from a virtual model-based pose estimator.  
The visual control is combined with tactile feedback, through a set of 
modifiable selection matrices. The result of the integration is modified by a 
multitasking impedance force controller. The design of the controller allows 
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the task to be performed even if a sensor is unavailable or provides inaccurate 
data, which is an especially valuable asset for the purpose of safe object 
manipulation.  
This shows the use of sensor fusion at the control level. The task in this study 
is the opening of a door, which in many respects is a relatively complex task, 
considering that the door handle has to be located by the vision system, grasped 
and moved in relation to the door movement during opening without losing 
grasp control. The visual control combined with tactile feedback presented here 
is not proposed for slippage prevention, as vision-based feedback would be too 
slow be useful for slippage prevention tasks. However, vision could be used to 
confirm that object position has changed as a result of slippage 
 
 
Figure 2.52 Robot coordinates relative to world (object) coordinates  [65] 
 
 
Figure 2.53 Framework for integrating vision, tactile and force sensors in robotic 
manipulation [65] 
The legend for the terms used in Figures 2.52 and 2.53 is given below: 
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W, C, R, O - world frame, camera frame, object frame.  
H, G - the hand and the grasp frame (given with respect to R and O 
respectively). 
WMR and 
WMO - initial estimation matrixes, where W stands for the world 
frame, R is the robot base frame and O is the object main frame; 
CMO - matrix describing the initial door pose in the camera frame; 
Sp, Sv, St - three selection matrices for degrees of freedom (must be mutually 
orthogonal, i.e. Sp ٣ Sv ٣ St ٣ Sp); 
Hvp, 
Hvv and 
Hvt - the control velocity computed by position controller, vision 
controller, and tactile controller (referenced to frame H of the robot hand); 
Hvpvt  - the result of the preliminary sensor integration; 
Evpvt f - the ﬁnal velocity signal (given in the robot end-effector frame E); 
Hvf - robot hand velocity; 
כ- denotes that the particular matrix or value is used as a reference. 
OMG - grasp frame to object frame transformation matrix; 
WMH - hand frame to world coordinates transformation matrix; 
WMG  - grasp frame to world coordinates transformation matrix; 
HMG - hand frame to grasp frame transformation matrix;  
RMH - hand frame to robot frame transformation matrix; 
HDF  - wrench transformation matrix between frames F and H; 
Evpvt f - ﬁnal velocity signal, given in the robot end-effector frame E; 
c1, c2 - contact points on tactile sensors 1 and 2 respectively; 
ccכ - reference that indicates where to keep the contact points c1, c2 on the 
tactile sensors; 
cc - actual position of the mid-distance between the two tactile sensors; 
α - deviation angle between the contact points c1, c2; 
p1, p2 - maximum pressure signals sensed on each of the two contact points;  
Ff - represents the force measured at each iteration in the force sensor frame F; 
Hfכ - the force reference for pushing in the task direction; 
Hf - the force pushing in the task direction; 
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sሺሻ Ǧ a vector of features (point-to-line distance features generated by 
comparing virtual with the real one); 
sכǦdesired feature vector;  
So - a constraint matrix which selects the Cartesian directions in which the 
object can move; 
 
Prats et al. [66] propose a hand-eye coordination in which the task of vision is 
to align the coordinates of the robot hand with the coordinates of the object to 
be grasped (Figure 2.54). 
Authors agree that robotic objects grasping and manipulation is heavily 
affected by the uncertainties of the real world, therefore the use of data from 
multiple sensing modalities is a valuable tool to help overcome these 
difficulties. In particular, vision and force sensors are the most important 
sensors for grasping tasks. Vision can guide the hand towards the object and 
supervise the overall object manipulation task, while tactile feedback can 
modify the hand trajectory as required locally at the grasp location. 
 
 
Figure 2.54 Task of vision is to align hand frame H with grasp frame G [66] 
 
Authors state that sensor fusion is not a suitable approach in integrating vision 
and tactile sensing (at sensor level) because the data they provide measure 
fundamentally different physical phenomena, while sensory fusion is aimed at 
extracting a single piece of information from disparate sensor data. Authors 
propose that visual and tactile data should be combined (fused) at the control 
level. This experiment is based on a simple robot gripper, but the fundamental 
idea of integrating vision and tactile sensing for improved grasp and 
manipulation coordination is well conveyed by the authors.  
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Tsay et al. [67] proposed an “eye-in-hand” approach to object grasping. They 
have determined that there is an accumulation of robot positioning errors that is 
worse in the case of mobile robots. The “eye-in-hand” solution provides a 
method that allows correct robot hand positioning for object grasping because 
the actual position of the object is identified in relation the vision camera fitted 
on the robot hand. The same camera is also used for robot navigation. 
Authors consider that the vector field histogram (VFH) as more appropriate 
than the virtual force field (VFF) and the potential force method (PFM) for fast 
obstacle avoidance. They proposed a vision-based VFH method for obstacle 
avoidance, modified to consider the surrounding environment information from 
the vision camera. Authors state that they use a behaviour-based look-and-
move control strategy to guide the mobile robot to approach the work-piece 
and accurately position its gripper for grasping the object using the “eye-in-
hand” gripper mounted vision camera.  
Klingbeil et al. [68] developed a novel grasp selection algorithm for grasping 
unknown objects using a parallel-jaw gripper. Their approach is based on 
object depth data (Figure 2.55) obtained from a point cloud that is generated by 
a 3D depth sensor and a mapped to a registered image. Authors state that a 
single depth data frame is sufficient to compute the grasp data from the point 
cloud of the depth data frame. The proposed method does not require 
predefined object models to identify the object using matching techniques, and 
therefore can be used successfully on unknown objects. Two sets of 
experiments were performed using clearly spaced and cluttered object scenes. 
Authors state that the grasp algorithm was capable of 91.6 % grasp success rate 
for novel objects, with slightly better success rate in uncluttered object scenes.  
 
Figure 2.55 Object grasping based on 3D point cloud data  [68] 
 
Song and Tsai [69] presented a vision-based grasp planning algorithm (Figure 
2.56) in cluttered environments. Authors used a Kinect depth camera to find an 
object using matching techniques and grasp the object in real time. They 
employ two indexes, one to define the influence of obstacles and the other to 
classify the potential robot arm work areas as safe, uncertain or dangerous.  
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Figure 2.56 Vision-based grasp planning algorithm [69] 
They also used “potential field” calculation techniques for robot arm motion 
planning during grasping. The classical potential field is composed of attractive 
forces and repulsive forces. The attractive force in this case is the target object 
that is to be grasped, and the repulsive forces are obstacles around the target 
object. Authors propose an attractive force model with an exponential drop-off 
that also takes into account the area of the obstacle. The proposed potential 
field ௔݂ is expressed as 
௔݂ ൌ ሺܣǡ ݀௧ሻ ൌ ܣ െ ܣ݁
ି೏೟ംబ               (2-10) 
Where, 
ܣ - Sum of areas of segmented surfaces; 
݀௧ – Distance from robot hand to target object; 
ߛ଴- Scaling constant. 
 
The attractive force is expressed as 
௧݂௔௥ ൌ
௙ೌ ሺ஺ǡௗ೟ሻ௏೟ೌೝ
ௗ೟
                (2-11)
Where ௧ܸ௔௥ denotes the vector from the robot hand to the target object. 
The repulsive force from obstacles ௢݂௕௦ is defined by 
௢݂௕௦ ൌ ߣ݁
ି೏೚್ೞംబ                   (2-12) 
Where, 
ߣ – Scaling constant; 
݀௢௕௦ - Distance from robot hand to obstacle. 
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Lenz et al. [70] presented a vision-based method to determine possible grasp 
locations on novel objects (Figure 2.57) using a neural network deep learning 
approach.  
They use a two-step cascaded approach to select a suitable grasp location for 
novel objects. The first step has fewer features and is used to eliminate unlikely 
grasp options. The second step processes the grasp candidates that passed the 
first step. Authors state that their method outperformed the state of the art in 
object grasp identification at the time the paper was presented. 
 
Figure 2.57 Grasp location identification on novel objects [70] 
 
Dalli and Saliba [71] proposed a minimal anthropomorphic hand design 
composed of a thumb, index finger and middle finger.  
Object grasping simulations show that good dexterity can be achieved using 
the minimal hand design that is comparable to the five-finger human hand. 
This approach indicates that grasping and manipulation devices of reduced 
complexity and adequate dexterity are being re-considered by researchers, as 
low complexity control and actuation has significant benefits in terms of 
practical usability and not least importantly in terms of cost. 
Authors state that the minimal hand design can achieve a subset (Figure 2.58) 
of the precision and power grasps as defined by Cutkosky [72] for a five-finger 
human hand. 
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Figure 2.58 Power and precision grasps using the minimal hand design  [71] 
The hand has been fabricated using fusion deposition manufacturing 
technology (i.e. 3D printing), which allows reduced mechanical complexity 
and low costs to be achieved. 
 
Kuo et al. [73] have developed robotic fingers with passive parallel compliance 
inspired by the human hand (Figure 2.59). Authors state that the design is 
based on a novel finger joint design that mimics the biomechanical features of 
the human hand and can improve stability in grasping and manipulation. 
 
Figure 2.59 Robotic fingers with passive parallel compliance inspired  [73] 
The joint is based on a variable torque design where the joint torque of an 
unloaded finger increases as the finger joint is rotated from straight to the bent 
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position. The joint torque decreases as the finger joint is rotated from bent to 
straightened position. This approach eliminates “sloppiness” at finger joints 
and results in a controlled joint stiffness. 
This passive parallel compliance robot hand design is not fitted with slippage 
and tactile sensors but it is another example of minimal design trend to 
minimise hand and control complexity but still maintain adequate dexterity. 
 
 
2.6 Conclusion – Literature Review 
The slippage prevention, detection and control strategies developed by 
researchers are very varied, and each has its strengths and weaknesses. The 
control strategy and components used are largely dependent on the sensing 
technology employed, but all aim at ultimately achieving robust slippage 
detection and control. The major challenge is still by far the development of 
robust sensors that can provide reliable feedback to the manipulation controller 
and are complemented by an adequate level of manipulation controller 
intelligence capable of extracting relevant information from sensor data and 
using it to maximise the effectiveness of the object manipulator. 
The sensors reviewed do not offer tangential force and slippage detection in a 
rugged and reliable package that is ready for industrial robotics applications 
where grasp forces in excess of 50 N are necessary. This also implies that the 
sensing strategy must also be robust against damage due to grasp force 
overloads. As such it was considered necessary to attempt the development of a 
basic sensing strategy that can withstand large grasp forces without damage 
and can sense tangential forces and slippage reliably under typical industrial 
conditions.   
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3. MINIMUM SENSING REQUIREMENTS FOR RELIABLE AND 
SAFE OBJECT MANIPULATION 
As part of the intended development of a novel slippage detection and 
prevention strategy it was considered essential, as a first step, to determine the 
minimum number of sensing functions that must be available to the 
manipulation controller for safe object manipulation.  
 
The grasping and manipulation of a simple object has been analysed to help 
understand the relationships between normal force, tangential force and 
slippage sensing, their dependence on each other during the object 
manipulation task, and whether any of these three tactile sensing functions 
could be considered redundant. This work is presented below. 
 
3.1  Estimation of Object Grasping Parameters Based on Tactile Sensor 
Feedback  
Most objects manipulated by industrial robots are too large to be held in an 
enclosed grasp and therefore are held in the gripper purely by means of 
friction, as depicted in Figure 3.1, without any additional support.  
 
 
Figure 3.1 Basic forces in a friction grasp (ܨ - grasp force, ܨ௙  - friction force, ܨ௧  - 
tangential force, ܽ - object acceleration, ݉݃ – object weight) 
 
 
It could be concluded intuitively from Figure 3.1 that if the manipulator is 
equipped with grasp force feedback it could hold the object safely in a friction 
grasp by adjusting the grasp force to a safe minimum. This would be sufficient 
indeed, provided the manipulator is aware of the minimum grasp force limit 
that will prevent slippage. 
  
For an object whose mass and the static coefficient of friction at the object-
gripper interface are known in advance, the minimum grasp force required to 
prevent slippage in a friction grasp can be readily computed as 
 
ܨ ൌ ݉
ሺ݃ ൅ ܽሻ
ʹμ௦
 
(at the point of impending slippage)          (3-1) 
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Where, 
ܨ - grasp force; 
݉ – object mass; 
݃ – gravitational acceleration; 
ܽ – gripper acceleration (positive when opposite to g);  
μ௦ - static coefficient of friction (assumed constant at any grasp force).  
 
The 
ଵ
ଶ݉݃ is used because each gripper jaw only needs to support half of the 
object weight since both jaws apply equal grasp force to the object, and as a 
result develop two equal friction forces ܨ௙ that counteract the object weight 
݉݃. 
When the object comes in contact with the gripper, the resulting coefficient of 
friction depends on the friction characteristics of the two materials in contact 
and the influence of the environmental conditions on those characteristics. As 
such, for safe manipulation of generic objects, it is impractical to base grasp 
forces on prior knowledge of coefficients of friction, as these are unlikely to be 
known in advance.  
 
A more practical approach for autonomous object manipulation with unknown 
characteristics would be to base the grasp force control on knowledge of the 
grasp force at the slippage point. However, knowledge of the coefficient of 
friction, together with reliable grasp force, tangential force and slippage 
feedback acts as “information fusion” that has the potential to enhance the 
manipulation dexterity of unknown objects. 
  
The dynamic coefficient of friction of an object with unknown characteristics 
can be estimated during object slippage in the gripper from the ratio of the 
dynamic friction force and the applied grasp force as  
 
μ௞ ൌ 
μ௞ܨ
ܨ ൌ
ܨ௧
ܨ  
(during object slippage)                       (3-2) 
Where, 
μ௞ - dynamic coefficient of friction; 
ܨ – applied grasp force; 
ܨ௧ - tangential force measured by one gripper jaw sensor during slippage. 
 
If the ratio 
ி೟
ி  gives a correct coefficient of friction value, the output scale of the 
sensors that measure ܨ௧ and ܨ is not important. 
 
Object mass ݉ can also be estimated during object slippage in the gripper as 
 
݉ ൌ ʹܨ௧݃ ൅ ܽ 
(during object slippage)                      (3-3) 
Equations 3-1, 3-2 and 3-3 are useful relationships because they allow 
estimation of object mass ݉, dynamic coefficient of friction Ɋ௞ and static 
coefficient of friction Ɋ௦ while the manipulator is lifting the object. However, 
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this assumes that the manipulator is equipped with grasp force, tangential force 
and slippage sensors capable of adequate feedback. To obtain an accurate 
estimate of object mass ݉ using Equations 3-3, the scale of the sensor used to 
measure tangential force ܨ௧ has to be calibrated.   
If the grasp force is not increased any further when slippage stops, the resulting 
static friction force can be estimated as 
 
Ɋ௦ܨ ൌ ܨݐ ቆ
μݏ
μ݇
ቇ (when slippage stops)     (3-4) 
Where, 
ܨ௧ is the tangential force at the point where slippage stops. This results in a 
natural grasp force safety margin ܨௌெ that is established as soon as slippage 
stops, and can be estimated as 
 
ܨௌெ ൌ Ɋݏܨ െܨ௧ ൌ ൭ܨ௧ ቆ
μ௦
μ௞
ቇ൱ െܨ௧ 
(when slippage stops)       (3-5) 
For example if the static coefficient of friction is 0.74 and the dynamic 
coefficient of friction is 0.57, the resultant grasp force safety margin would be 
nominally 30 % (i.e. 0.74/0.57 = 30 %) above the slippage point if the grasp 
force is not increased any further when slippage stops. This is because while 
the object is slipping the friction force acting to stop the object slippage is the 
dynamic friction force Ɋ௞ܨ. However as soon as the object stops slipping the 
friction force stopping the object from slipping is the static friction force Ɋ௦ܨ, 
which in this example is 30 % larger than the dynamic friction force Ɋ௞ܨ. This 
effect is depicted graphically in Figure 3.2. This natural grasp force safety 
margin ܨௌெ could be one of the reasons why humans can maintain a grasp 
force safety margin as low as 10 % [19]. A potential explanation is that the 
grasp force is not increased after slippage stops, which results in a grasp force 
safety margin ܨௌெ, whose magnitude is determined by the ratio Ɋ௦ / Ɋ௞. 
 
 
 
Figure 3.2 The default grasp force safety margin FSM develops when static friction 
Ɋ௦ܨ replaces the dynamic friction Ɋ௞ܨ when slippage stops during object lifting 
 
During object manipulation the following relationships take effect between ܨ௧, 
ܨ௙ and 
ଵ
ଶ݉݃. 
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ܨ௧ ൌ Ɋ݇ܨǡ Ɋ݇ܨ ൏
݉ሺ݃ ൅ ܽሻ
ʹ  
(during slippage)                     (3-6) 
 
Where Ɋ௞ܨ is the dynamic value of friction force ܨ௙, and 
 
ܨ௧ ൌ
݉ሺ݃ ൅ ܽሻ
ʹ ǡ
݉ሺ݃ ൅ ܽሻ
ʹ ൏  Ɋݏܨ 
(when object is not 
slipping)                       (3-7) 
At this point a default grasp force safety margin will exist as given by equation 
3-5. Any further grasp force increase will result in an additional safety margin, 
provided the additional grasp force does not damage the object. 
 
The static coefficient of friction can be determined in a similar way by 
reducing the grasp force to the point of impending slippage (this equation is 
similar to Tremblay et al. [2]). 
 
μ௦ ൌ
Ɋݏܨ
ܨ ൌ
ܨ௧
ܨ  
(at the point of impending slippage)    (3-8) 
Assuming that the object has not gained significant momentum when slippage 
started and before it was stopped, the ratio of the dynamic to static coefficient 
of friction can be estimated as 
 
μ௞
μ௦
ൌ ܨ௦௧௔௥௧ܨ௦௧௢௣
                                                            (3-9) 
or 
 
μ௦
μ௞
ൌ
ܨ௦௧௢௣
ܨ௦௧௔௥௧
 
                                                            (3-10) 
 
Where, 
ܨ௦௧௔௥௧ - grasp force value at the point of impending slippage; 
ܨ௦௧௢௣ - grasp force value at the point where slippage stops. 
 
To keep the object safe in the gripper the friction force ܨ௙ would have to be 
slightly larger than the tangential force ܨ௧. The lowest possible grasp force 
without slippage is where safety margin ܨௌெ equals zero (i.e. Ɋ௦ܨ = ܨ௧).  
 
The above methods for estimating the static and dynamic coefficients of 
friction and the object mass assume that the manipulator is equipped with 
sensors capable of discriminating between a stationary object in the gripper and 
an object that is slipping in the gripper, which implies the need for grasp force 
control, tangential force sensing and slippage sensing.  
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3.2 Experimental Evaluation of Importance of Each Sensor Type for 
Reliable and Safe Object Manipulation 
Before deciding on sensing technologies and configurations, it is important to 
understand the contribution that normal force (grasp force), tangential force 
and slippage sensing make individually during a grasp and manipulation task, 
and the effects of a physically missing sensing function on safe object 
manipulation. It is assumed in this experiment that these are the three basic 
tactile sensing functions necessary for safe and reliable object manipulation. 
Object grasping and lifting experiments were conducted to observe the 
limitations imposed on the object manipulator when only two of the three 
available sensing functions were used to manipulate an object with unknown 
mass and unknown coefficients of friction. 
 
Experimental Setup: 
The experimental setup has been designed specifically to obtain independent 
physical sensors for normal force, tangential force and slippage sensing for the 
purpose of assessing their importance for safe and reliable object manipulation; 
sensor accuracy is not important for this purpose. The Burster tensile force 
sensor used here for tangential force sensing has a specified accuracy of +/-0.5 
% and the load cell used for grasp force sensing has a specified accuracy of +/-
0.05 %. For this experiment high sensor accuracy is not essential as the intent 
of this experiment is to determine the effect of a missing (faulty or 
disconnected) sensor on safe object manipulation. For the same reason the 
slippage sensor sensitivity is low by design; it is intended to sense object 
slippage but avoid stray slippage signals due to background disturbances.  
A schematic representation of the major components used in the experimental 
setup, including a four degrees of freedom XYZ+R robot used for object 
manipulation experiments is shown in Figure 3.3. The “R” stands for robot’s 
capability to rotate the gripper around the Z axis, but gripper rotation was not 
used in this experiment. 
The following components were used in the experimental setup: 
x Burster tensile load cell Model 8411 (specifications in Appendix C) 
with a 2 kg load capacity and accuracy of +/-0.5 %. The load cell is 
mounted between the gripper rotation motor and the gripper assembly, 
and intended to sense the tangential force in the vertical direction only 
(Figure 3.4); 
x SW-L23I2 load cell amplifier (specifications in Appendix C); 
x Vishay reflective optical sensor CNY70 (specifications in Appendix C) 
with open collector transistor output used in conjunction with a black 
and white scale that is attached directly to the object to improve 
slippage detection (Figure 3.5). This arrangement acts as a low cost 
optical pulse encoder; 
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x Two aluminium single point load cells (Figure 3.5) with a 10 kg load 
capacity and a 2 mV/V bridge output, used for grasp force sensing 
(measurement taken from one load cell only). 
 
Figure 3.3 Schematic of the experimental setup for evaluation of sensor importance 
to safe object grasping and manipulation 
 
 
 
Figure 3.4 Gripper fitted with grasp force load cells, optical encoder for slippage 
sensing and tension load cell mounted between the gripper and the gripper rotation 
motor for tangential force sensing.  
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Figure 3.5 Reflective optical sensor fitted on gripper and encoder scale fitted on 
object surface to sense object movement  
 
The slippage signal from the reflective optical sensor CNY70 is connected 
directly to a digital input on the robot controller. 
The grasp force load cell and the tensile load cell were each connected to a 
SW-L23I2 load cell amplifier that converts the load cell 0-10 mV DC signals 
(using a 5 V DC load cell bias) to signals with a range of 4-20 mA DC that can 
be processed by the robot controller.  
The normal force is estimated using load cells mounted on the gripper jaws. An 
estimate for normal force can also be obtained from the current drawn by the 
parallel gripper’s DC motor. 
The parallel gripper assembly is a Schunk RH701 parallel electric gripper, 
modified to allow higher grasp forces and control of gripper motor current for 
the purpose of estimating the grasp force exerted by the gripper on the object. 
 
Methodology and Procedure: 
In order to determine whether the object can be grasped, manipulated and 
released reliably under controlled conditions when using only two physical 
sensors of the three available sensors, the following object manipulation 
sequence was performed for each of the four sensor combinations using a 0.3 
kg object: 
1. Grasp the object with an initial force of about 2 N; 
2. Lift the object and increase grasp force until slippage stops; 
3. Hold the object in a friction grasp with a controlled grasp force; 
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4. Reduce grasp force until slippage is detected; 
5. Increase grasp force until slippage stops. 
6. Lower and release the object. 
For simplicity manipulation was performed only in the vertical direction in 
order to minimise the influences of multi-axial forces.  
The sensor combinations used in the experiment are depicted graphically in 
Figure 3.6 and were as follows: 
Combination 1: grasp force F sensing + tangential force Ft sensing + slippage 
sensing (i.e. all three sensors are used); 
Combination 2: grasp force F sensing + tangential force Ft sensing; 
Combination 3: grasp force F sensing + slippage sensing; 
Combination 4: tangential force Ft sensing + slippage sensing; 
 
Figure 3.6 Sensor combinations 1, 2, 3 and 4  
Where possible, information was extracted from the two available physical 
sensors and used as a pseudo-sensor to compensate for the missing sensor. The 
coefficients of friction, object mass and grasp force safety margin were values 
derived from sensor data.  
 
Results and Discussion: 
The data sources used for the various grasp control parameters, whether 
obtained directly from a sensor or derived indirectly based on an equation are 
listed in Table 3.1 for each sensor combination.  
It can be concluded from the results in Table 3.1 that 
x A missing slippage sensor can be replaced with a lower performance 
pseudo-sensor based on the tangential and grasp force sensors; 
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x A missing tangential force sensor could not be replaced with a pseudo-
sensor but object manipulation (with reduced performance) can still be 
performed  based on slippage and grasp force sensors; 
x A missing grasp force sensor has the worst effect on object grasping 
and manipulation as autonomous object grasping and grasp force 
control are not possible (assuming that grasp force cannot be estimated 
by means such as pulse-width modulation duty). This sensor could also 
not be replaced with a pseudo-sensor based on information from the 
two available sensors. 
Table 3.1: Data sources for grasp control parameters when using sensor combination 
1, 2, 3 or 4. 
 Sensor 
combination 1 
Sensor 
combination 2 
Sensor 
combination 3 
Sensor 
combination 4 
Grasp force F F = grasp force 
sensor value 
F = grasp force 
sensor value 
F = grasp 
force sensor 
value 
Unknown 
(autonomous 
grasping not 
possible) 
Tangential force 
Ft 
Ft = tangential 
force sensor 
value 
Ft = tangential 
force sensor value unknown 
Ft = tangential 
force sensor 
value 
Slippage signal From slip 
sensor 
Slip when Ft < mg From slip 
sensor 
From slip sensor 
Coefficient of 
friction μk equation 3-2 equation 3-2 unknown unknown 
Coefficient of 
friction μs equation 3-8 equation 3-8 equation 3-9 unknown 
Object mass m equation 3-3 equation 3-3 equation 3-1 equation 3-3 
Acceleration a a = gripper 
acceleration 
a = gripper 
acceleration 
a = gripper 
acceleration 
a = gripper 
acceleration 
Grasp force 
safety margin 
FSM 
equation 3-5 equation 3-5 equation 3-9 & equation 3-8 
unknown 
(autonomous 
control not 
possible) 
 
The most reliable performance was achieved when using three discrete sensors; 
one for each of the three sensing functions. 
The best performance from a two-sensor combination was obtained when grasp 
force and tangential force sensors were available, because slippage could be 
derived from the status of the other two sensors, but was found to be less 
reliable than slippage feedback from a dedicated slippage sensor. 
The next best performance from a two-sensor combination was obtained when 
normal grasp force and slippage sensing were available; once the slippage 
point was identified, the grasp force was maintained relatively safe above the 
slippage point and readjusted when slippage was detected. Fast grasp force 
control reaction is needed to achieve acceptable slippage control in this 
configuration. 
The worst performance was achieved when the grasp force (normal force) 
sensor was missing, to the point that autonomous grasping could not be 
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initiated safely. However once the object was grasped it could be maintained in 
the gripper based on the tangential force and slippage information, but with the 
disadvantage that the grasp force could not be adjusted to a known value when 
needed. 
A sensor failure in a three-sensor tactile setup can mimic the conditions in 
sensor combinations 2, 3 and 4. This emphasizes the need to include in 
manipulator design safe behaviour during sensor failure such that any single 
sensor failure would still allow the manipulation controller to dispose of the 
object held in its gripper in a safe and controlled manner. This is relevant to all 
areas where robots are expected to perform their task safely and reliably.  
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4. THEORETICAL ANALYSIS OF MECHANICAL AND SENSING 
RESOLUTION IMPACT ON PRECISION GRASPING AND SAFE 
OBJECT MANIPULATION 
The term “mechanical resolution” is used here to mean the ability of an 
actuation device to control the grasping mechanism’s movement in adequate 
increments. The term “sensing resolution” is used here to mean the fidelity 
with which a sensor signal can be resolved and acted upon during fast signal 
changes, as takes place during fast object grasping actions and slippage events. 
 
4.1 Response Time, Reaction Time and Action Time 
The meaning of response time varies from application to application. From the 
robotic object grasping perspective, the response time of a device is the 
shortest time in which the device can respond to a stimulus. Response time 
could be split into reaction and action times.  
 
Reaction time can be defined as the elapsed time from the instant when a 
stimulus (input) is applied to the instant when the action starts. The remaining 
time of the total response time is the action time.  
 
Grasping mechanism’s stopping performance is important in order to prevent 
excessive grasp force application to fragile objects. From this perspective, the 
fastest possible response time of an actuation device to a stop command is the 
sum of its reaction time and its shortest possible action time. 
 
ܴ݁ݏ݌݋݊ݏ݁ݐ݅݉݁ ൌ ݎ݁ܽܿݐ݅݋݊ݐ݅݉݁ ൅ ܽܿݐ݅݋݊ݐ݅݉݁                 (4-1) 
Ideal devices have zero reaction time (i.e. react instantaneously), and their 
action time (e.g. gripper motor stopping time) can be made as short as desired. 
Most real gripper actuation devices however have non-zero reaction times due 
to factors such as signal propagation delays through their control electronics, 
and their shortest possible action times (i.e. time taken to stop) are limited by 
factors such as motor’s rotational inertia and the motor braking method used. 
 
Typically only the response time is mentioned in technical specifications, 
because in most cases it is difficult or impractical to clearly separate the 
reaction and action time.  
 
The shortest possible response time of a device is inherent to the device, and in 
most cases cannot be eliminated or improved. Response times of real actuation 
devices range from a few microseconds (e.g. piezoelectric stack actuator) to 
several milliseconds (e.g. small DC motor). When several devices react in a 
sequence (one device triggers the next one) the response times accumulate to 
an amount that may or may not be acceptable for adequate control.  
 
Just like precision grasping, manipulation dexterity also depends significantly 
on the response time of the robot gripper as a complete system. The response 
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time of a system, such as a robot gripper and its controller, is simply the sum of 
the individual response times of all system components involved. 
 
ݐ௦௬௦ ൌ ෍ݐ௖௢௠௣௜
௡
௜ୀଵ
 
                     (4-2) 
Where,  
ݐ௦௬௦ = system response time  
ݐ௖௢௠௣௜ = system component response times 
 
 
4.2 Travel Distance During Grasping 
Parallel-jaw and angular-jaw grippers have slightly different behaviour during 
object grasping. This section looks at both of these grippers from the response 
time perspective in order to highlight important gripper design parameters. 
If a parallel-jaw gripper actuator decelerates the jaw at a constant rate, the jaw 
will travel a certain distance from the instant at which the gripper stop 
command was issued by the controller until it stops moving. The travel 
distance will depend on the gripper reaction time and deceleration time. During 
reaction time the gripper will continue to travel without deceleration. During 
the deceleration phase the deceleration rate will determine the additional 
distance travelled.  
Constant deceleration is given by 
െܽ ൌ ݀ݒ݀ݐ ǡ ܿ݋݊ݏݐܽ݊ݐ 
                                                           (4-3) 
Where െܽ is the instantaneous negative acceleration (or deceleration), 
expressed as the rate of velocity change denoted by 
ௗ௩
ௗ௧.  
 
Figure 4.1 Constant negative acceleration (deceleration) over time 
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Constant deceleration results in a linear velocity decrease as shown in Figure 
4.2 and is given by 
ݒ ൌ ݀ݏ݀ݐ ǡ ݈݅݊݁ܽݎ 
                                                           (4-4) 
Where ݒ is the instantaneous velocity. 
 
Figure 4.2 Linear velocity decrease over time 
 
Linear velocity decrease results in a non-linear change in the distance travelled 
as shown in Figure 4.3 and is given by 
ݏ ൌ ׬ ݒ݀ݐǡ ݊݋݈݊݅݊݁ܽݎ                                                         (4-4) 
Where ݏ is the distance travelled up to a point in time, and is found by 
integrating the velocity up to that point with respect to time. In the case of a 
gripper the reduction in distance travelled with respect to time results in a 
“gentler” touch towards the end of travel. 
 
Figure 4.3 Non-linear distance travelled between t1 and t2 
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For a parallel-jaw gripper the velocity of the moving jaw is the same at any 
point along the length of the jaw, so it does not matter which point on the jaw 
contacts the object first. 
Gripper response time begins when the intended touch/grasp force has been 
reached and the gripper is requested to stop. However, the gripper will stop 
after a delay that typically includes 
 sensor response time; 
 sensor signal A/D conversion time; 
 digital signal filtering time; 
 controller response time; 
 actuator response time; 
 
The graph in Figure 4.4 illustrates the gripper jaw velocity profile from the 
time the stop command is issued until the jaw stopped moving. The area under 
the graph is the total distance travelled by the gripper jaw.  
 
Figure 4.4 Response time of a parallel-jaw gripper with constant linear deceleration  
Using rigid gripper jaws at high grasping speeds poses challenges when 
handling rigid but fragile objects. Due to lack of elastic deformation at the 
point of contact between a rigid object and a rigid gripper there is not much 
room for grasp force error. Therefore, when handling rigid but fragile objects 
adequate mechanical compliance will be necessary to compensate for grasping 
force inaccuracies if precision grasping cannot be achieved.  
 
Role of Mechanical Resolution 
Mechanical resolution is determined by actuator’s physical resolution and its 
response time. 
From the mechanical perspective, coarse mechanical resolution limits grasping 
mechanism’s ability to produce a “fine” grasp.  
From the object fragility perspective, coarse mechanical resolution limits 
grasping mechanism’s ability to grasp fragile objects safely. 
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From the slippage control perspective, coarse mechanical resolution limits 
grasping mechanism’s ability to respond to slippage events effectively. 
From the sensing perspective, coarse mechanical resolution limits the effective 
resolution of sensor.  
Role of Force Sensing Resolution 
The effective dynamic resolution of a force sensor is highly dependent on the 
rate of force change. 
From the control perspective, sensors must provide the manipulation controller 
with sufficient resolution for adequate control.  
From the mechanical perspective, a low sensing resolution will only allow the 
controller to react in coarse steps, which in effect reduces the effective 
resolution of a grasping mechanism that may otherwise be capable of fine 
mechanical resolution.  
 
Role of Mechanical Grasping Range 
The grasping range limits the maximum and minimum object sizes that can be 
grasped. Both, the cylindrical and spherical grasping range measures can be 
used. The definition of cylindrical grasping range used here is the smallest and 
largest size cylinder or cylindrical rod that can be grasped and held in a power 
grasp [74]. Similarly, the spherical grasping range is the smallest and largest 
size sphere that can be grasped and held under control in a power grasp. 
 
Obviously small objects can be grasped between fingertips, but a small object 
may not necessarily be a light object that can be manipulated using fingertips.  
 
Role of Grasp Force Sensing Range 
The sensing range of tactile and force sensors limits the maximum grasp force 
that can be applied by the grasping mechanism without saturating the sensor 
output, which in turn causes the sensor to ignore any further increase in the 
applied grasp force. 
 
Sensitive tactile sensors are useful for detecting small force changes at 
localised contact points (i.e. small vibration), such as those generated by the 
stick-slip mechanism during incipient slippage. However, if the fine sensing 
range is exceeded by applying larger grasp forces, the sensor will lose its 
intended sensitivity, and therefore its usefulness for sensing small changes such 
as those generated during incipient slippage.  
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5. PRE-DESIGN CONSIDERATION OF ENVIRONMENTAL 
FACTORS 
To develop robotic object grasping strategies with effective slippage 
prevention, it was considered necessary to identify factors that have a 
significant influence on object slippage during robotic grasping and 
manipulation.  
This section presents various environmental factors, some of which were 
encountered in this research project and found to influence the ability of the 
object manipulator to manipulate objects safely and reliably. Some of these 
factors are inherent to the manipulated object itself and therefore mostly 
unavoidable. 
In order to develop a grasping system that can adapt to changing requirements 
it is not sufficient to consider only the static characteristics of a small group of 
similar objects; a versatile grasping system should consider the dynamics of the 
various object characteristics as they change from one object to another. If the 
mass of the object changes slightly from one object to the next, the solution is 
relatively simple: the required grasp force will be higher. However, if the shape 
of the object changes then the solution may or may not be simple. If the first 
object to be grasped is rectangular and the next object is still rectangular but 
slightly wider, as shown in Figure 5.1, the solution is relatively simple: the 
gripper needs to open slightly more. However, if the first object was 
rectangular and the next object had the shape of a triangular pyramid, the 
solution is not that simple. In this case the grasping system will need to be not 
only more capable mechanically, but also require a significantly more 
“intelligent” controller to execute the more complex grasping task 
autonomously.   
 
 
Figure 5.1 Shape change sequence 
The object grasping and slippage control task becomes even more challenging 
when many factors that influence object grasping and object slippage change at 
the same time from one object to the next. 
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5.1  Inherent Factors that Influence Reliable Object Grasping and 
Slippage Control 
The inherent factors presented here are not an exhaustive list, but are those 
encountered by the author during the grasping system design and testing. Some 
of these factors are obvious, such as object shape, while others are less obvious 
and even unexpected.  
5.1.1 Object shape 
Object shape is typically not under grasping system designer’s control, unless 
the grasping system designer has an input during the object design phase. The 
shape of the object may be anything from simple rectangular or cylindrical to 
very complex shapes such as those of a complex-shaped statue. Shape is a 
major contributor to object grasping complexity. It influences object slippage 
during grasping and manipulation, and as a result influences how the grasping 
system should be designed. 
Most industrial grippers are designed to handle objects that have a cylindrical 
or rectangular feature that can be used for grasping, such as boxes, bottles and 
cans. Complex-shaped objects are difficult to handle and therefore usually 
excluded from the list of robotic manipulation in industrial applications. To be 
versatile and practical, a grasping system needs to consider a broad range of 
object shapes.  
5.1.2 Object orientation 
For simple-shaped objects, such as rectangular and cylindrical objects, 
orientation has a minor impact on the grasping complexity. However, 
orientation of complex-shaped objects can mimic a significant change in shape.  
5.1.3 Object mass 
Object mass impacts mostly the mechanical capability of the object grasping 
mechanism, and therefore should be designed to have: 
1. Sufficient mechanical grasping force for the intended application  
2. Sensors capable of handling the applied grasp forces (force sensing 
capacity is typically inversely proportional to sensitivity). 
5.1.4 Object size 
Like mass, object size impacts mostly the mechanical capability of the grasping 
system. It limits the range of objects that can be handled by a specific grasping 
mechanism (an exception would be two-handed robots that can grasp a lager 
range of sizes with the same size hand design). 
5.1.5 Object coefficient of friction 
The phenomenon of friction is not yet well understood, however it is generally 
accepted that friction is the effect of interaction at both, the macroscopic and 
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microscopic levels of two surfaces in contact [1], [75], [76]. Although 
counterintuitive, it is accepted that the coefficient of friction does not depend 
on the apparent contact surface area of the object, but instead it is proportional 
to the normal force that presses the two surfaces together [1], [75], [76]. 
a. Macroscopic interactions:  
At macroscopic level the interaction between the surfaces is mostly influenced 
by object texture and contaminants. Contaminants act to alter the mechanical 
interaction between the surface artefacts, which in turn alters the coefficient of 
friction between two surfaces.  
Object texture 
At the macroscopic level, object texture is one of the more obvious factors that 
influence object grasping and slippage. Object texture is determined from the 
degree of surface irregularities, particularly surface waviness and surface 
roughness [39] as shown in Figure 5.2. Texture is defined by a series of peaks 
and valleys on the object surface.  
 
Figure 5.2 The object surface texture [39] made up of surface roughness (nanometre 
to micrometre range) and surface waviness (millimetre to centimetre range) 
 
The textures of two surfaces that are in contact interact mechanically and 
influence the coefficient of friction between those surfaces. However, surface 
texture is not the only factor that influences the coefficient of friction. 
Object surface contamination 
In general object surface contaminants are any deposits on the object surface 
that modify the coefficient of friction of that surface. The more obvious 
contaminants on a surface are fluids and foreign particles (e.g. dust and dirt); 
the less obvious contaminant on a surface is surface oxidation.  
Some surface “contaminants”, such as lubricants, alter the pure surface texture 
by filling the surface crevices, which has the effect of “smoothing” the surface. 
This reduces the mechanical interaction of the surface textures, and therefore 
the net effect is typically a reduced coefficient of friction. Lubricants may also 
alter the coefficient of friction between two surfaces that takes place at 
molecular level, as discussed later, by forming a film that separates the two 
surfaces and reduces the effect of their interaction at molecular level. 
Some contaminants such as surface oxidation also act as a film of lubricant 
between two surfaces, such that the two surfaces are actually in contact with 
the oxide film and not directly with each other. Because the oxide acts as a film 
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of lubricant the net effect is to alter the coefficient of friction between the two 
surfaces, such as between the object and the gripper. 
Many objects have protective or functional surface finishes such as paint, 
varnishes and oxides specifically applied to protect them from uncontrolled 
oxidation and deterioration, or to reduce their coefficient of friction. The 
coefficients of friction of objects can therefore vary dramatically. 
 
b. Microscopic interactions  
At microscopic level the intermolecular interaction between surfaces is 
influenced mostly by the material of the object surface and temperature of the 
material [75], [1]. 
Intermolecular interaction 
The interaction mechanism at microscopic level is not fully understood, but it 
is believed that intermolecular interaction produces forces that result in 
resistance to relative motion (higher friction) between those surfaces [1], [75], 
[76]. In some respect this is similar to how intermolecular interaction causes 
capillary action in a capillary tube due to adhesive forces between glass and 
water molecules, which is known as surface wetting. Precision finished flat 
surfaces, which have very low waviness and roughness, tend to have a high 
coefficient of friction. This suggests that most of the friction between two 
surfaces is caused by interaction at molecular level.                   
Type of material of contact surfaces 
It can be seen from published coefficient of friction tables that the same 
material has different coefficients of friction when in contact with different 
materials, which suggests that a material indeed behaves differently at the 
molecular interaction level with different materials [1], [75]. Referring back to 
the glass “surface wetting” example, if mercury is used instead of water, the 
same glass capillary tube behaves differently in contact with mercury, which 
does not “wet” the surface of the glass.  
Object surface temperature 
The temperature of surfaces in contact also has an impact on the coefficient of 
friction because at molecular level materials behave differently at different 
temperatures (molecules become excited at higher temperatures).  
Some materials increase their coefficient of friction when their temperature 
increases. Some polymers exhibit a non-linear coefficient of friction when their 
temperature increases [1], [75], [76]. 
Relative motion 
Friction between most materials decreases once the surfaces in contact are in 
relative motion. The phenomenon is not well understood but is the reason for 
the difference between the static (μs) and dynamic (μk) coefficients of friction.  
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The phenomenon of static and dynamic differences in the coefficient of friction 
is complex. Researchers have noticed that the dynamic coefficient of friction, 
μk, is dependent on speed, and therefore it is not a definite value as implied in 
the published coefficient of friction reference tables [76]. 
5.1.6 Capability and performance limits of available materials 
It is well known that many technological advances are not possible due to 
performance limitations of the required materials. In order to maximize 
dynamic performance the designer needs to reduce the mass of the grasping 
mechanism, and therefore requires materials with a high strength-to-mass ratio. 
The ideal material for a particular design may not be available, in which case a 
performance compromise will have to be made. 
5.1.7 Capability and performance limits of available actuation, sensing 
and control technology 
Actuation, sensing and control technology has its own capabilities and limits. 
Therefore the grasping system designer has no control over technology 
limitations, unless the designer develops technology that will fit the particular 
requirements better than what is already available. 
 
5.2 OBJECT GRASPING COMPLEXITY 
In this section, a simple method for estimating object shape complexity for 
basic shapes is proposed. 
From the object grasping and manipulation perspective, the largest source of 
variability and complexity that makes this task difficult is the object itself. 
Therefore it is worth taking into account the most significant influences that 
various object parameters and characteristics have on object grasping and 
manipulation. 
Object’s density, volume, shape, material type and surface texture can be 
varied to obtain an object with the desired mass, size, centre of mass, 
coefficient of friction, rigidity and fragility. Each of these characteristics 
influences object grasping and manipulation in its own specific way. The most 
significant behaviours and influences are listed below. 
Shape: 
x Limits the range of object shapes that can be grasped and manipulated 
with a certain gripper/manipulator; 
x Influences grasping and manipulation complexity; 
x Influences object inertia, which limits object manipulation speed; 
x Influences the grasp forces on the object, required grasp force capacity 
and sensor load capacity; 
x Changes for deformable objects during manipulation; 
x Can be used strategically to reduce grasp forces and increase grasp 
reliability; 
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Mass: 
x Limits the range of object weights that can be grasped/manipulated with 
a certain gripper/manipulator; 
x Influences object inertia, which limits object manipulation speed; 
x Influences the grasp force on the object, required grasp force capacity 
and sensor load capacity; 
x Remains constant during manipulation (centre of mass changes when 
liquid moves in a container but mass remains constant); 
 
Size: 
x Limits the range of object sizes that can be grasped and manipulated 
with a particular gripper/manipulator and with one hand only; 
x Influences the required gripper size capacity; 
x Changes for deformable objects during manipulation; 
 
Centre of mass: 
x Limits the range of object weights, shapes and sizes that can be grasped 
and manipulated with a certain gripper/manipulator; 
x Influences object inertia and limits object manipulation speed; 
x Influences the grasp force on the object, required grasp force capacity 
and sensor load capacity; 
x Changes for deformable objects during manipulation; 
x Can be used strategically to reduce grasp forces and increase grasp 
reliability; 
 
Coefficient of friction: 
x Limits the range of object weights, shapes and sizes that can be grasped 
and manipulated with a certain gripper/manipulator; 
x Influences resistance to slippage; 
x Influenced by object surface texture and environmental conditions; 
x Influenced by the coefficient of friction of the gripper contact surface; 
x Influences the grasp force on the object, required grasp force capacity 
and sensor load capacity; 
 
Rigidity: 
x Limits maximum allowable grasp forces on the object; 
x Influences shape change of deformable objects during grasping; 
x Influences the sensitivity requirements of tactile sensors; 
x Can be used strategically to reduce grasp forces on deformable objects 
and increase grasp reliability; 
 
Fragility: 
x Limits maximum allowable grasp forces on the object; 
x Influences tactile sensor sensitivity requirements; 
x Influences tactile sensor mechanical requirements; 
x Influences precision grasping requirements. 
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The complex behaviours and influences of shape, mass, size, centre of mass, 
coefficient of friction, rigidity and fragility suggest that reliable object grasping 
and safe manipulation is indeed a challenging task.  
 
Toussaint [77]  proposed a method to estimate 2D shape complexity base on 
triangulation. They compute a parameter that represents  the  number  of  
triangles  contained in  the polygon triangulation  that  share  no  edges  with  
the  input polygon,  which is an estimate of that polygon’s shape complexity. 
For the purpose of grasping 3D objects this 2D shape complexity is adaptable 
for use on “extruded” 3D objects shapes (i.e. the shape of the object is same at 
any cross section point along its length). 
 
Brinkhoff et all. [78] proposed a method to estimate 2D shape complexity 
based on polygon triangulation. The developed a complexity model consisting 
of three quantitative parameters. The proposed method was mainly intended for 
use in cartographical maps, but for the purpose of 3D object grasping it is only 
useful for “extruded” 3D object shapes. 
 
Chazelle and Incerpi [79] developed a method for 2D shape complexity 
estimation based on the polygon sinuosity (i.e. the number of times the 
boundary alternates between complete spirals of opposite orientation). The 
algorithm is computationally efficient, but again only useful for “extruded” 3D 
object shapes. 
 
Chen and Sundaram [80] proposed a 2-D shape complexity evaluation method 
that is useful for developing efficient shape complexity classification 
algorithms and for use in computer vision. Like the other 2D shape complexity 
methods, this method can only be used on “extruded” 3D object shapes. 
 
Rigau et al. [81] state that many shape complexity methods from viewpoints 
such as computer vision and psychology have been proposed. The authors 
proposed two shape complexity measures (i.e. from the inside and outside the 
object) that are suitable for computing to allow evaluation of partial or global 
complexity. This is a powerful tool for 2D object shape analysis, but with the 
same limitations for 3D objects as the other 2D shape complexity methods 
discussed here. 
 
 
An object shape complexity estimation method is proposed next. It is based on 
the degree grasping difficulty when using a simple two-jaw parallel gripper, 
which is a basic form of grasping mechanism and therefore a good reference 
for object grasping complexity estimation. The proposed method requires 
finding pairs of parallel faces on an object that can be grasped with a parallel 
gripper. 
During object grasping experimentation it became evident that different object 
orientations can mimic a change in shape, and therefore can make object 
grasping more challenging. Different orientations can also eliminate some 
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grasp options. For example a cylinder standing in the upright position cannot 
be grasped by its two ends because the cylinder is resting on one of its ends, 
and therefore that end is not accessible for direct grasping. 
An empirical object shape complexity evaluation method is proposed for 
simple shapes such as those in Figure 5.3 and Figure 5.4. This method allows 
object shape complexity to be evaluated using the following relationship. 
 
 
ܥ௦ ൌ ௕ܰ௢ ൅ ௡ܰ௣ ൅ ௡ܰ௢ ൅ ௡ܰ௩                                            (5-1) 
Where, 
ܥ௦ - shape complexity; 
௕ܰ௢ - number of basic object orientations that mimic a different shape; 
௡ܰ௣ - number of non-parallel faces, divided by the total number of object faces; 
௡ܰ௢ - number of faces that have no opposite face pair, divided by the total 
number of object faces; 
௡ܰ௩ - number of non-vertical graspable faces in all basic orientations. 
 
 
Figure 5.3 Opposite parallel faces (green) graspable with parallel gripper  
 
Figure 5.4 Opposite parallel faces (green) graspable with parallel gripper  
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Based on equation 5-1, the shape complexity ܥ௦ evaluation for the objects in 
Figure 5.3 and Figure 5.4 is as follows: 
 
Sphere,  ܥ௦ = 1 + 0/1 + 0/1 + 0/1 = 1; 
Cylinder,  ܥ௦ = 2 + 0/2 + 0/2+ 0/2 = 2; 
Rectangular bar,  ܥ௦ = 3 + 0/6 + 0/6 + 0 = 3; 
Hexagonal bar,  ܥ௦ = 2 + 0/8 + 0/8 + 4 = 6; 
Rectangular pyramid,  ܥ௦ = 2 + 5/5 + 1/5 + 4 = 7.2; 
Triangular pyramid,  ܥ௦ = 2 + 4/4 + 4/4 + 5 = 9. 
 
Shape complexity for each object could be computed manually or 
automatically using a vision system. The vision system could then identify 
each object to help determine whether manipulation should be attempted, and 
whether a simple or a complex object manipulation algorithm is to be used. 
The overall object grasping complexity ܥ௚ rating of an object can be estimated 
empirically as 
 
ܥ௚ ൌ ݉௢ ൅ Ɋ௢ ൅ܵ௢ ൅ܥ௦                                                (5-2) 
Where, 
݉௢ - contribution of object mass to object grasping complexity; it is given a 
weight of 1 because the degree of difficulty to compensate for change in object 
mass is low, and requires only grasping force compensation and sensors that 
are suitable for the required load; 
Ɋ௢ - contribution of object’s coefficient of friction to object grasping 
complexity; it is given the same weight as mass, because a change in the 
coefficient of friction will be compensated in similar manner to a change in 
mass; 
ܵ௢ - contribution of object size to object grasping complexity; it is given a 
weight of 2 because change in object size may require the ability to grasp very 
small or very large objects, which in turn may require a significant change in 
gripper size capacity or even result in the inability to grasp the object at all; 
ܥ௦ - shape complexity (equation 5-1). 
 
Table 5.1 summarises the estimated contribution to grasping complexity of 
object mass, size, coefficient of friction and shape complexity.  
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Table 5.1 Contribution of mass, friction coefficient, size and shape to o bject 
grasping complexity 
OBJECT SHAPE mo μo So Cs Cg 
Sphere 1 1 2 1.0 5.0 
Cylinder 1 1 2 2.0 6.0 
Rectangular bar 1 1 2 3.0 7.0 
Hexagonal bar 1 1 2 6.0 10.0 
Rectangular Pyramid 1 1 2 7.2 11.2 
Triangular Pyramid 1 1 2 9.0 13.0 
 
According to this classification mass, size and the coefficient of friction do not 
actually contribute to object grasping complexity differentiation. The factors 
that differentiate object grasping complexity are the shape of the object and the 
number of different possible object orientations that mimic a different object 
shape. Therefore it can be concluded that, from the perspective of object 
grasping with a parallel gripper, object grasping complexity is directly 
proportional to object shape complexity, which includes the contribution of 
object orientation to shape complexity. 
 
ܥ௚ ן  ܥ௦                                                (5-3) 
Because grasping complexity is considered here from the parallel gripper 
perspective, a weight factor can be added to the non-parallel faces parameter 
௡ܰ௣ in equation 5-1 to take into account the contribution of the degree of non-
parallelism of object faces to object shape complexity, and as such to grasping 
complexity. This is a more accurate approach because, depending on the 
degree of non-parallelism, it may be difficult or even impossible to grasp non-
parallel faces with a parallel gripper without providing the grasping controller 
with significant additional object manipulation intelligence. From this 
perspective equation 5-1 can be expressed as follows. 
 
ܥ௦ ൌ ௕ܰ௢ ൅݇ ௡ܰ௣ ൅ ௡ܰ௢ ൅ ௡ܰ௩                                            (5-4) 
Where, 
݇ - the degree of non-parallelism of non-parallel faces. 
This approach makes the shape and as such the grasping complexity 
classification more accurate but also more complex because the degree of non-
parallelism has to be computed. A simplified approach is to assign a weight to 
the ݇ factor that applies to all objects with a degree of non-parallelism that 
cannot be absorbed by parallel gripper’s mechanical compliance. 
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5.3 Section Conclusion – Pre-design Considerations of Environmental 
Factors 
The factors studied here have varying degrees of influence on object grasping 
complexity and therefore on the choices of manipulator technology and design 
strategies, with object shape being the factor with the highest influence on 
object grasping complexity.  
Shape, mass, coefficient of friction, centre of mass, rigidity and fragility 
influence the grasp forces on the object.  
Rigidity and fragility limit the maximum grasp forces that can be applied to the 
object.  
Object size influences the required gripper capacity and limits the range of 
objects that can be manipulated with a robot equipped with a single gripper. 
It is also important to consider the influence that these factors have on the 
required manipulator intelligence. Manipulation skill is acquired via learning, 
and learning is facilitated by intelligence. 
It could be demonstrated that an intelligent object manipulator (e.g. a human) 
can develop skills to safely grasp and manipulate complex-shaped objects 
autonomously using a basic parallel gripper. However, an unintelligent object 
manipulator would have trouble manipulating the same object autonomously 
even if equipped with an advanced robotic hand. A more capable grasping 
device makes better use of manipulator’s available intelligence, but does not 
make the manipulator more intelligent. 
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6. DEVELOPMENT OF A RELIABLE AND INNOVATIVE SLIPPAGE 
SENSING DEVICE 
6.1 Slippage Sensor Investigation 
As part of the investigation to develop a reliable slippage sensing and safe 
object manipulation strategy, a variety of commercial sensors and sensor 
technologies have been investigated in order to either select an already existing 
tactile sensor or adapt a sensing technology that would facilitate the 
development of a tactile sensor with the following capabilities: 
x Sense normal (grasp) force (i.e. along the Z axis); 
x Sense tangential forces in two axis (i.e. in the XY plane); 
x Sense slippage in two axis (i.e. in the XY plane); 
x Be capable of a minimum load of say 60 N in order to be practical for 
use in a small size industrial robot. IRB 120, the smallest industrial 
articulated robot offered by ABB Robotics has a payload of 3 kg, 
therefore a 60 N sensor load-bearing capacity is a reasonable 
requirement (60N grasp force required to hold a 3 kg payload in a 
friction grasp when the coefficient of friction is 0.5); 
x Sense slippage reliably over its entire load-bearing range. 
 
A number of basic sensors such, as the “FlexiForce®” sensors from Tekscan, 
that can sense normal force (contact force) are commercially available. Only a 
few sensors can sense normal force and tangential forces in the same package. 
An example of such a sensor is the “BioTac” sensor from Syntouch, which is 
the commercial version of the sensor presented by Chia et al. [47].  Syntouch 
are also developing the “BioTac SP” and the “NumaTac” sensors. 
 
None of the sensors investigated at the time of writing that can sense both 
normal forces and tangential forces (such as BioTac) are also capable of 
slippage sensing and could withstand a load of 60 N without becoming 
permanently damaged. The BioTac sensor is rated at a load of 50 N and a 
resolution of approximately 0.01 N, but its sensitivity degrades as load 
increases, making it less reliable for slippage sensing at maximum load. The 
BioTac sensor is a fluid-filled sensor that uses a combination of fluid pressure, 
impedance and thermal gradient change sensing to determine force magnitude, 
direction, point of contact and object shape.  
 
The BioTac SP (Beta release) is estimated to be capable of a load of more than 
200 N, however at the time of writing it was still under development.  
 
The NumaTac is a low load version sensor from Syntouch. It is based on a soft 
spongy core that is surrounded by an elastic skin and intended for handling 
delicate object. BioTac, BioTac SP and NumaTac basic specifications are given 
in Appendix C. 
 
Another commercial sensor intended for robotic tactile sensing is the 
“OptoForce” sensor form OptoFoce. This sensor is robust, triaxial sensor based 
on optic technology. There are several versions of this sensor with load bearing 
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capabilities form 10 N to a few hundred kilo-newtons. Although the 
manufacturer mentions that the sensor can detect slippage, there is no data to 
back the claim could be found at the time of writing. OptoForce sensor 
specification is given in Appendix C. 
 
Most sensors researched are intended to detect minute vibrations that take 
place during incipient slippage as a result of the stick-lip effect. The stick-slip 
vibration frequency and amplitude produced by the relative motion between 
two object surfaces are dependent on many factors and are not a constant 
behaviour during slippage under all conditions; vibration frequency and 
amplitude vary with materials, different surface conditions and speed [1], [41].  
Stick-slip can be significantly reduced or even avoided by applying a particular 
range of excitation frequencies at specific amplitudes to the system that 
produces the stick-slip induced vibration [82]. 
Stick-slip amplitude may not be significant if there is only a small difference 
between the static and dynamic coefficients of friction of the two surfaces in 
relative motion, and as such it may be challenging to distinguish stick-slip from 
background noise. Therefore, it could be concluded that stick-slip is not an 
ideal source for generic incipient slippage detection, but it is a useful 
mechanical behaviour by which most slippage events can be detected using 
vibration detection techniques. 
 
 
As a result of the inability to find a suitable commercial sensor it was decided 
to search for a slippage sensing solution that would be reliable and robust. A 
decision was made to use a “system” approach in order to develop an 
integrated slippage sensing device that is part of the grasping device. The 
working principle and design of this integrated slippage sensing device is 
presented in this section. 
 
Initial design investigation indicated that in order to test the proposed slippage 
sensing concept 
x The grasping device should be a simple parallel gripper; 
x The parallel gripper’s actuation mechanism should be used to sense the 
grasp (normal) force in lieu of dedicated grasp force sensors; 
x Tangential force sensing could be integrated into the slippage sensing 
device. 
 
 
6.2 Development of Slippage Sensing Device 
6.2.1 Design 
The slippage sensing device described here relies on friction between a roller 
and the shaft on which it rotates, and between the roller and the object being 
manipulated. A concept gripper design using this slippage sensing principle is 
shown in Figure 6.1. 
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Figure 6.1 Friction-based concept parallel jaw gripper with rollers on support shaft  
It is important to note that there are two sets of friction surfaces of interest in 
this design: one between the roller and the support shaft on which the roller 
rotates, and the other between the roller and the object being manipulated. If 
there is not sufficient grasp force applied, the roller starts to slip on its support 
shaft, but still rolls on the surface of the manipulated object and maintains a 
static coefficient of friction. Therefore this design incorporates the following 
important features. 
x Slippage starts at the roller-shaft interface well before slippage at the 
gripper-object interface could take place, which in effect achieves a 
form of incipient slippage sensing; 
x Incipient slippage detection allows the controller to apply the necessary 
grasp force correction to the gripper to avoid uncontrolled slippage at 
the roller-object interface; 
x The static and dynamic coefficients of friction at the roller-shaft 
interface (where slippage starts) are known in advance, which makes it 
possible to calculate optimum grasp forces based on knowledge of these 
friction coefficients, as described in chapter 3. 
 
While lifting the object, slippage is controlled by applying just sufficient grasp 
force to the object until the roller stops rotating, which achieves a grasp force 
safety margin given by equation 3-5. When the roller stops moving it means 
that the grasp force is sufficient, and therefore no further grasp force increase is 
necessary.  
During gripper acceleration the roller may start to rotate again, meaning that 
the grasp force cannot counteract the dynamic forces, therefore the 
manipulated object is likely to slip. In this case the controller adjusts the grasp 
force again so that the object does not slip out of the gripper during 
manipulation, while ensuring that the maximum allowable grasp forces are not 
exceeded.  
A motion sensor (encoder) is used as a slippage feedback device that monitors 
the relative motion between the roller and its support shaft, and provides this 
information to a grasp force and slippage controller. 
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During object lifting the grasp force is increased until the roller stops rotating 
and the gripper can lift the object. The rate of grasp force application to stop 
the slippage is proportional to the grasp force error. 
ܴܽݐ݁݋݂݃ݎܽݏ݌݂݋ݎܿ݁ܽ݌݌݈݅ܿܽݐ݅݋݊ ן ܩݎܽݏ݌݂݋ݎܿ݁݁ݎݎ݋ݎ  (6-1) 
Grasp force error is proportional to the rotation speed of the roller. 
ܩݎܽݏ݌݂݋ݎܿ݁݁ݎݎ݋ݎ ן ܴ݋݈݈݁ݎݎ݋ݐܽݐ݅݋݊ݏ݌݁݁݀  (6-2) 
Therefore the rate of grasp force application is proportional to the rotation 
speed of the roller. 
ܴܽݐ݁݋݂݃ݎܽݏ݌݂݋ݎܿ݁ܽ݌݌݈݅ܿܽݐ݅݋݊ ן ܴ݋݈݈݁ݎݎ݋ݐܽݐ݅݋݊ݏ݌݁݁݀  (6-3) 
When a small grasp force is applied while the gripper attempts to lift the 
object, and the coefficient of friction Ɋଵ (Figure 6.2) between the roller and the 
shaft is similar to the coefficient of friction Ɋଶ between the roller and the 
manipulated object, slippage will start between the roller and its support shaft, 
but the roller will keep rolling on the object surface without slippage. This is 
due to the difference between the radius of the shaft and that of the roller. 
If the shaft and the inside of the roller are coated with TeflonTM PTFE 
(polytetrafluoroethylene) the dynamic coefficient of friction Ɋ௞ will be slightly 
larger than the static coefficient of friction Ɋ௦ at low sliding speeds of say 
maximum 50 mm/s (TeflonTM PTFE coefficient of friction versus speed 
specifications given in Appendix D). Therefore the grasp force necessary to 
stop roller rotation will be close to that when roller is stationary, especially if 
the sizes of the roller radius ݎଶ  and shaft radius ݎଵ are strategically selected. If 
Ɋ௞ would be much lower than Ɋ௦ there would be more grasp force required to 
stop the roller from sliding on the shaft than would be required to hold the 
roller stationary. This is undesirable because the objective of object grasping is 
to apply only sufficient grasp forces to avoid object slippage and not damage 
the object or its surface by applying unnecessary grasp forces. 
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Figure 6.2 Gripper forces and coefficients of friction (for simplicity the roller on the 
right is assumed to be frictionless)  
 
In Figure 6.2 the friction force between the roller and its support shaft is given 
by 
ܨ௙ଵ ൌ Ɋଵܨ                                                             (6-4) 
The friction force between the roller and the object prevents roller slippage on 
the object surface and is given by 
ܨ௙ଶ ൌ Ɋଶܨ                                                             (6-5) 
Radius ݎଵ is always smaller than ݎଶ. The friction torque at the shaft-roller 
interface is given by 
௙ܶଵ ൌ  ݎଵܨ௙ଵ                                                             (6-6) 
When the friction force ܨ௙ଶ is less than ݉ሺ݃ ൅ ܽሻ, the maximum opposing 
torque applied at the roller-object interface is limited by the friction force ܨ௙ଶ 
and is given by 
௙ܶଶ ൌ  ݎଶܨ௙ଶǡ ܨ௙ଶ ൏ ݉ሺ݃ ൅ ܽሻ                                               (6-7) 
where ܽ is the robot arm acceleration. 
When the friction force ܨ௙ଶ is equal to or greater than ݉ሺ݃ ൅ ܽሻ, the opposing 
torque applied at the roller-object interface is produced by the mass ݉ of the 
object multiplied by the sum of acceleration forces ሺ݃ ൅ ܽሻ on the object. This 
torque is given by 
௙ܶଶ ൌ  ݎଶ݉ሺ݃ ൅ ܽሻǡ ܨ௙ଶ ൒ ݉ሺ݃ ൅ ܽሻ                                 (6-8) 
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The net torque between the shaft and roller is given by 
௡ܶ௘௧ ൌ  ௙ܶଶ െ ௙ܶଵ                                      (6-9) 
Slippage at the shaft-roller interface will begin when the net torque ௡ܶ௘௧ ൐ Ͳ.  
When both friction rollers are holding the object, the weight of the object will 
be shared between the two rollers such that each roller will support 
ଵ
ଶ݉݃. In 
this case the torque ௙ܶଶ equation for a parallel gripper with two rollers similar 
to Figure 6.2 will be given by 
௙ܶమ ൌ
ͳ
ʹݎଶ݉ሺ݃ ൅ ܽሻ 
                                  (6-10) 
The coatings of the roller and the shaft can be selected such as to achieve a 
desired coefficient of friction, which in conjunction with shaft and roller 
diameter selection can be used to minimize the net torque ௡ܶ௘௧, and therefore 
minimize the additional grasp force necessary to prevent slippage between the 
shaft and the roller.  
In general, a smaller difference between the shaft and roller diameters will 
result in a smaller net torque ௡ܶ௘௧, and therefore less unnecessary grasp force 
will be applied. This simple design concept allows the potential slippage 
between the roller and the manipulated object to be prevented, and therefore 
reliable grasping can be achieved because there is no uncontrolled slippage 
taking place.  
The linear displacement of the object ܵ௢௕௝ relative to the gripper is known and 
is directly proportional to the amount of slippage between the roller and the 
shaft ܵ௦௟௜௣. 
ܵ௢௕௝ ן  ܵ௦௟௜௣                                   (6-11) 
The linear slippage displacement ܵ௦௟௜௣ is equal to the arc length of the relative 
rotation between the shaft and the roller (Figure 6.3) 
ܵ௦௟௜௣ ൌ ݎଵ
ߠ
ͳͺͲ ߨ 
                                  (6-12) 
The linear displacement of the object during slippage between the shaft and the 
roller is (Figure 6.3) 
ܵ௢௕௝ ൌ  ܵ௦௟௜௣ ൅ ሺݎଶ െ ݎଵሻ
ߠ
ͳͺͲߨ 
                                  (6-13) 
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Figure 6.3 Object displacement during slippage between the shaft and the roller  
 
6.2.2 Rolling Resistance 
The system of forces is more complex in reality than those shown in Figure 
6.2. Because rolling resistance [83], [84], which opposes rolling due to the 
deformation at the point of contact between the rolling device and the surface 
on which it rolls, is also present. The rolling resistance will be negligible if the 
contact surfaces are hard and do not deform significantly during rolling.  
However, if the outside of the roller is coated with a soft layer such as rubber, 
the rolling resistance will not be negligible, particularly for higher grasp forces.  
The rolling resistance reduces the effect of the net torque ௡ܶ௘௧ and if too large 
could allow the object to slip without rotating the roller. 
When both, the roller and the object are hard and do not deform much, the 
effective radius ܽ (Figure 6.4) is approximately equal to the roller radius ݎ. 
However, if the roller or the object is soft, the deformation will be larger and 
rolling resistance will be significant.  
The rolling resistance ܨ௥௢௟௟ is given by 
ܨ௥௢௟௟ ൌ ܥ௥௥ܨ                                    (6-14) 
Where ܥ௥௥ is the rolling resistance coefficient and ܨ is the applied grasp force.  
The rolling resistance coefficient, ܥ௥௥ is given by 
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ܥ௥௥ ൌ ቀ
ݎ െ ܽ
ʹݎ ቁ
ଵ
ଶ 
                                 (6-15) 
 
 
Figure 6.4 Rolling resistance due to roller deformation 
 
6.2.3 Design Considerations and Limitations 
For the roller-based gripper to control slippage and grasp forces correctly the 
following should be considered: 
x Ideally the static and dynamic coefficients of friction should be high but 
not significantly different (Ɋ௦ ൎ Ɋ௞ሻ. A smaller difference means that 
less additional grasp force will have to be applied to the grasped object 
to stop slippage at the roller-shaft interface. Higher friction means less 
grasp force required to hold the object. 
x A smaller coefficient of friction between the shaft and the roller results 
in higher sensitivity to slippage, but also requires larger grasp forces to 
prevent slippage between the shaft and the roller.  
x A larger difference between the shaft radius and the roller radius results 
in higher sensitivity to slippage, but also requires larger grasp forces to 
prevent slippage between the shaft and the roller. 
x The torque at the roller-shaft interface should be less than the torque at 
the roller-object interface, otherwise the object will slip without rotating 
the roller and therefore slippage will not be detected. 
 
ݎଵܨ௙ଵ ൏ ௙ܶమ                                    (6-16) 
x The rolling resistance at the roller-shaft interface should be small 
enough so it does not affect slippage sensing  
 
ሺܨ௙ଶ െܨ௥௢௟௟ሻݎଶ ൐ ܨ௙భݎଵ                                   (6-17) 
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x If the rolling resistance at the roller-shaft interface is too large the 
object could slip without rotating the roller, and therefore slippage will 
not be detected. 
x The roller-object interface should be designed such that even the object 
with the smallest coefficient of friction (in the range of objects to be 
manipulated) will cause the roller to slip at the roller-shaft interface 
well before slippage at the roller-object interface. 
 
6.3  Grasping Experiment Using the Newly Developed Gripper 
Initial proof-of-concept experimentation was performed to determine whether a 
roller-based gripper would behave as predicted theoretically. The experiments 
conducted are detailed below. 
Experimental Setup: 
Figure 6.5 describes schematically the grasping experiment setup.  
x A purpose-built split block was fitted with an un-calibrated FlexiForce 
PS-02 piezoresistive sensor (specifications in Appendix C), as 
illustrated in Figure 6.6, that can measure the approximate normal force 
applied by the gripper. The sensor was placed between the two split-
block sections, as shown schematically in Figure 6.5, to allow the gasp 
force to be measured directly as experienced by the split-block when it 
is grasped and lifted. Sensor was sandwiched between thin rubber 
sheets to allow better pressure distribution on the sensor surface. 
x The FlexiForce PS-02 sensor (rated at 111 N when force is applied 
perpendicular to sensing area) was connected to a Tekscan Quick Start 
Board powered by a 9 V battery and specifically designed for this 
sensor. 
x A digital multimeter was connected to the output of the analog circuit 
board to read the voltage change due to the normal grasp force applied 
by the gripper to the split block. 
x The gripper was fitted with a Vishay reflective optical sensor CNY70 
(specifications in Appendix C) and an encoder disk attached to one 
roller (Figure 6.10). The CNY70 sensor has a transistor output that 
generates digital pulses on encoder disk edge transitions, and a sensing 
range of 5 mm. The encoder disk has 80 transition edges, and therefore 
can detect slippage in increments of 4.5 degrees (i.e. 0.8 mm slip) by 
using and UP counter and a DOWN counter and summing their counts. 
When the split block slips in the griper, the encoder disk rotates 
together with the roller and therefore the CNY70 sensor conveys the 
slippage information as digital signal pulses. The open collector 
transistor output of the CNY70 slippage sensor was connected to the 
robot controller as a 0-5 V DC digital input. 
 
Rollers, made of solid PTFE, were built and fitted to a custom parallel gripper 
as shown in Figure 6.5. The rollers were designed with a wall thickness of 5 
mm to avoid significant roller deformation. The steel shafts of the parallel 
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gripper have a diameter of 10 mm, while the PTFE roller has an inner diameter 
of 10 mm and an outer diameter of 20 mm (Figure 6.9).  
The 300 g purpose-built split-block was designed to allow the two split-block 
halves to move horizontally in a parallel fashion, with minimum friction and 
interference in order to facilitate direct measurement of grasp force. 
 
Figure 6.5 Schematic of experimental setup used for friction-based grasping and 
slippage detection (Top View)S 
 
 
Figure 6.6 The object lifting experiment setup using the friction-based gripper 
prototype and the split block fitted with force sensor  
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Figure 6.7 Detail of experimental parallel gripper and XYZ robot 
 
Figure 6.8 Experimental parallel gripper Top View 
  
Figure 6.9 Experimental parallel gripper Front View 
 
Figure 6.10 Experimental parallel gripper Side View 
 Page 103 of 240 
 
Experiment Preconditions: 
In order to perform a valid friction-based slippage detection experiment the 
following preconditions must be met: 
x The roller must rotate freely on its supporting shaft and be in contact 
with its supporting shaft when not in contact with the object; 
x The object (i.e. the split block) must be grasped such that it is in contact 
with both gripper rollers before lifting commences. 
 
Experimental Procedure: 
The experiment was performed by connecting the prototype gripper to an XYZ 
robot able to move the gripper vertically under controlled speed and 
acceleration. The following steps were performed: 
x The gripper was commanded to close until the FlexiForce sensor fitted 
in the split block detected a change. 
x The robot was then instructed to move up at the programmed low speed 
and to enable the stepper motor drive to close the gripper until no 
slippage was sensed. 
x The vertical lift speed was set at 2 mm/s and acceleration was set at 2 
mm/s2 in order to allow sufficient time for gripper to react to slippage 
and to minimise the effect of gripper acceleration. 
x As soon as the slippage stopped the stepper motor was stopped. At this 
point the grasp force displayed as a voltage on the multimeter was 
noted. 
x Once the number of object lifting attempts was completed the 
FlexiForce sensor was removed from the split block and placed on 
precision calibrated scales. A force was applied to the sensor until 
approximately the same voltage was displayed on the multimeter as 
during the lifting experiments. 
x The reading on the precision scales was noted in grams and converted 
to Newton, as listed in Table 6.1. 
Each grasp-lift attempt was completed in approximately 10 s. 
 
Experimental Results and Discussion: 
Experimental results indicate that the minimum grasp force required to prevent 
object slippage in the gripper was close to the predicted value. Table 6.1 
summarises the experimental results for the grasp force at which object 
slippage stopped. The experimental grasp force results are shown relative to the 
theoretically predicted grasp force values necessary to hold the object in a 
friction grasp without slippage.  
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Table 6.1 Grasp force results – PTFE on steel @ 23ºC 
Grasp 
attempt 
Theoretical 
Value (N) 
Experimental 
Value (N) 
1 58 49.1 
2 58 48.8 
3 58 49.2 
4 58 48.7 
5 58 49.2 
 
For calculation of theoretical value it was assumed that PTFE against steel has 
a dynamic coefficient of friction Ɋ௦ of 0.05. However, the experimentation 
results show that the actual dynamic coefficient of friction Ɋ௦ between PTFE 
and steel in this case was around 0.06. This may be due to differences between 
the estimated and actual surface finishes, actual material properties, and 
potentially some surface contamination. To avoid loss of parallelism between 
the two rollers when large grasp forces are applied, the gripper guides have to 
provide sufficient stiffness to avoid jaw deflection. 
The engineering drawings for the friction-based sensing device (shaft and 
roller) used in these experiments are located in Appendix A.  
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7. DEVELOPMENT OF GRIPPER ROBUSTNESS AGAINST 
SLIPPAGE  
An important requirement in object grasping and manipulation is reliability, 
which can be assessed using some chosen quality measures [85], [86].  
This section analyses robotic object manipulation reliability from the 
perspective of manipulator’s mechanical ability, which together with 
manipulator’s intelligence, are considered as prerequisites for its ability to 
execute object manipulation tasks reliably. In order to show that object 
manipulation reliability is influenced by mechanical ability and grasping 
decisions, the concept of gripper “pads” and their effect on gripper slippage 
robustness is presented in this section. The concepts of gripper design and 
object grasping strategies presented here are also applicable to humanoid 
hands.  
 
7.1 The “Effective Torque Radius” Principle 
It is known from automotive disk braking technology used in modern vehicles 
that the effective torque radius ݎ௘ of the brake pads, together with the 
coefficient of friction Ɋ between the brake pads and the brake disk, and the 
normal force ܨ applied to the brake pads determine the braking torque capacity 
ܶ of that particular braking system [87].  
ܶ ൌ Ɋܨݎ௘                                      (7-1) 
The effective torque radius ݎ௘ of a brake pad is given by 
ݎ௘ ൌ
ͳ
ʹ ሺݎ௢ ൅ ݎ௜ሻ 
                                    (7-2) 
Where ݎ௢ is the outside radius of the brake pad and ݎ௜ is the inside radius of the 
brake pad (relative to the axis of rotation of the brake disk) [87], as shown in 
Figure 7.1.  
 
Figure 7.1 Effective torque radius ݎ௘  in disk braking 
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The effective torque radius concept also applies to the robotic grippers and 
determines their capacity to prevent object rotation in the gripper. 
Equation 7-1 implies that a parallel gripper with longer jaws has a higher 
torque capacity than a parallel gripper with short jaws due to a larger effective 
torque radius ݎ௘ (Figure 7.2).  
 
Figure 7.2 The gripper with long jaws has a larger effective torque radius  ݎ௘  
 
7.2 Experimental Procedure & Results - The “Effective Torque 
Radius” Principle 
To test this concept, a flat disk made of DelrinTM acetal (by DuPont) was 
gripped using a spring-loaded parallel gripper equipped with flat jaws made 
also of DelrinTM acetal. The jaw designs are shown in Figure 7.3. The 
experimental setup is shown in Figure 7.4 and Figure 7.5). The 
experimentation carried out in this section was not aimed at high accuracy 
results but rather to demonstrate that there is a difference in the effective torque 
of short flat jaws compared to long flat jaws. 
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Figure 7.3 Short and long flat jaws 
 
 
Figure 7.4 Spring-loaded gripper with 50 mm flat jaws 
The experiment with short flat jaws, as shown in Figure 7.4, was carried out as 
follows: 
1. The 50 mm long jaws were mounted on the gripper plates (either side 
of the 86 mm disk) and clamped using a centre screw, spring, washer 
and force adjustment nut.  
2. The spring compression required to produce a force of approximately 
70 N was determined by compressing the spring on calibrated digital 
scales and measuring the compressed spring length that produced 70 N. 
The spring compression was then replicated on the gripper setup by 
adjusting the nut until approximately the same spring compression was 
achieved. 
3. The disc was rotated by applying a tangential force to the disc using a 
force gauge and a string attached to the disk such that the axis of 
rotation of the disk was at the centre of the jaws. 
4. The force required to cause the disk to slip was recorded five times and 
an average was calculated and recorded in Table 7.1. 
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Figure 7.5 Spring-loaded gripper with 80 mm jaws (flat side is gripping the disk)  
 
The same experimental procedure was followed for the experiment with the 
long flat jaws (Figure 7.5), except that in this case the long jaws were used 
instead of the short ones. 
It was noticed that for the same clamping force, a slightly larger force was 
required to cause disk slippage when it was held in the gripper fitted with long 
jaws than when it was held in the gripper fitted with short jaws. 
The experimental results are summarised in Table 7.1. Both, the short and long 
jaws had approximately the same total contact surface area. 
 
Table 7.1 Effective torque radius experiment – flat gripper jaws 
Jaw 
length 
(mm) 
Effective 
radius 
(mm) 
Force 
application 
radius (mm) 
Approximate 
clamp force 
(N) 
Average pull force at 
which slippage starts  
(N) 
50 25 43 70 7.1 
80 40 43 70 10.3 
 
The results in Table 7.1 agree with the concept of effective torque radius [87], 
which is influenced more by how the contact area is distributed rather that the 
size of the contact surface area.  
In both cases, in Figure 7.2, the inside radius ݎ௜ is assumed to be 0 mm and 
therefore the effective torque radius is assumed to depend only on the outside 
radius of the gripper (it is assumed here that half of the gripper length is 
equivalent to the outside radius ݎ௢).  
For a flat parallel gripper that is grasping a flat object, the effective torque 
radius ݎ௘ can be estimated as 
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ݎ௘ ൌ
ͳ
ʹ ൬
ܮ
ʹ൅ Ͳ൰ ൌ
ܮ
Ͷ 
                                     (7-3) 
Where ܮ is the gripper jaw length. 
 
Figure 7.6 illustrates basic statistics for the experiment conducted with short 
flat jaws and summarised in Table 7.1. 
 
Figure 7.6 Five tests conducted with short flat jaws. The recorded average pull force 
is 7.1 N with a standard deviation of 0.5 N 
 
Figure 7.7 illustrates basic statistics for the experiment conducted with long flat 
jaws and summarised in Table 7.1. 
 
Figure 7.7 Five tests conducted with long flat jaws. The recorded average pull force 
is 10.3 N with a standard deviation of 0.7 N 
 
7.3 The Gripper “Pad” Principle 
The long parallel gripper was modified, as shown in Figure 7.8, and used to 
test the effect of discrete gripper “pads” on the effective torque radius. The 
pads are formed by cutting out the centre of the gripper jaw contact surface 
such that only the pads are in contact with the object. The effective torque 
radius in this case can be estimated using Equation 7-1.  
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Figure 7.8 Comparison of effective torque radius re for a gripper with full jaw 
contact surface and a gripper with discrete “pad” contact areas  
For the same gripper jaw length, the gripper with discrete pad contact areas has 
a larger effective torque radius ݎ௘ than the gripper with full jaw contact surface. 
In this jaw design the effective torque radius can be increased by increasing the 
distance from the centre of the jaw to the centre of the pad. Equation 1 can be 
used to estimate the torque radius ݎ௘ of the jaw with pads shown schematically 
in Figure 7.8 (bottom sketch).  
 
7.3.1 Experimental procedure & results - The gripper “pad” principle 
To test the gripper pad principle the long jaws were machined such as to obtain 
two pads on each jaw as shown in Figure 7.9. 
 
Figure 7.9 Long jaws with pads 
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The same experimental procedure was carried out for the long jaws with pads 
as that described for Figure 7.4, except the jaw pads were now gripping the 
disk as shown in Figure 7.10.  
 
 
Figure 7.10 Spring-loaded gripper jaws with “pads” gripping the disk  
 
Five samples of pull forces necessary to cause disk slippage in gripper jaws 
with pads were averaged and recorded in Table 7.2 below.  
 
Table 7.2 Effective torque radius experiment – gripper jaws with pads 
Jaw 
length 
(mm) 
Effective 
radius 
(mm) 
Force 
application 
radius (mm) 
Approximate 
clamp force 
(N) 
Average pull force at 
which slippage starts  
(N) 
80 30 43 70 16.9 
 
The additional pull force required to cause disk slippage was significant, which 
confirms that jaws with peripheral pads result in a larger effective torque radius 
than flat jaws (without peripheral pads). As in the previous experiment, the 
experimentation carried out in this section was not aimed at high accuracy 
results but rather to highlight that there is a notable difference in the effective 
torque of long flat jaws with pads compared to long jaws without pads. 
 
Figure 7.11 illustrates basic statistics for the experiment conducted with long 
jaws fashioned with pads and summarised in Table 7.2. 
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Figure 7.11 Five tests conducted with jaws fashioned with pads. The recorded 
average pull force is 16.9 N with a standard deviation of 1.2 N 
 
7.4 Gripper Orientation and Slippage Resistance 
The choice of grasp points is important for object stability during manipulation. 
The following analysis attempts to show that the choice of grasp point 
locations influences not only the object stability during object manipulation but 
also the grasp force required. 
For simplicity the parallel gripper with pads is used to explain this concept. 
The sketch in Figure 7.12 shows the parallel gripper with pads holding a flat 
bar in horizontal orientation. The force, ݉݃, at the centre of the flat bar 
develops a moment ܯ௕௔௥ at the centre of the gripper which is given by 
ܯ௕௔௥ ൌ ݉݃݀                                      (7-4) 
Where ݉ is the mass of the flat bar, ݃ is the gravitational acceleration and ݀ is 
the distance from the centre of mass of the flat bar to the centre of the gripper 
jaw.
 
Figure 7.12 Gripper jaws fitted with “pads” holding a flat bar  
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Each of the gripper jaws must develop equal and opposing moments in order to 
keep the flat bar from rotating in the gripper jaws, plus additional reaction 
forces necessary at each pad to support a share of the flat bar weight. 
The required minimum opposing moment at the gripper ܯ௚௥௜௣ is given by 
ܯ௚௥௜௣ ൌ ݉݃݀ ൌ ʹܨ௖ݎ௘                                      (7-5) 
Therefore  
ܨ௖ ൌ
݉݃݀
ʹݎ௘
 
                                     (7-6) 
Where ܨ௖ is the force couple necessary to counteract the moment ܯ௕௔௥.  
 
The gripper has two opposing jaws that develop friction reaction forces on two 
independent surfaces and therefore each gripper jaw has to develop only 
sufficient reaction forces to support half of the weight of the flat bar.  
For clarity, the analysis is done on one jaw only and therefore only half of the 
actual applied force to the gripper is used in the analysis. As a result, each pad 
has to develop a reaction force ܨ௠௚ given by 
ܨ௠௚ ൌ
ͲǤͷ݉݃
ʹ ൌ
݉݃
Ͷ  
                                    (7-7) 
Figure 7.13 shows the free body diagram of the gripper shown in Figure 7.12. 
The forces acting on one jaw of the gripper are the moment ܯ௕௔௥, the weight of 
the flat bar supported by one jaw (
ଵ
ଶ݉݃), and the reaction forces (force couple 
ܨ௖ and the reaction force ܨ௠௚ at each pad supporting the weight of the flat bar). 
 
 
Figure 7.13 Free body diagram of gripper with “pads”  
 
 
The net reaction forces, ܨ௥ଵ at gripper “pad1” and ܨ௥ଵ at gripper “pad2” 
respectively, are given by 
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ܨ௥భ ൌ ܨ௖ ൅ܨ௠௚ ൌ
݉݃݀
ʹݎ௘
൅ ݉݃Ͷ  
                                     (7-8) 
ܨ௥మ ൌ ܨ௖ െܨ௠௚ ൌ
݉݃݀
ʹݎ௘
െ ݉݃Ͷ  
                                     (7-9) 
The reaction force required at gripper “pad1” is greater than that at “pad2” by 
ଵ
ଶ݉݃. Considering this, it was expected that slippage and therefore loss of 
object grasp control is most likely to occur at “pad1” first, even though the 
same grasp force is applied to both gripper pads. The reaction at “pad2” only 
needs to oppose a small share of the moment created by the flat bar at the 
centre of the gripper jaw, and therefore slippage will not occur at “pad2” first. 
It can therefore be concluded that holding the flat bar with the gripper in 
horizontal orientation is not an optimum solution.  
 
The minimum static gripper force Fs that needs to be applied to the gripper in 
Figure 7.12 to prevent slippage at “pad1” can be approximated by 
ܨ௦ ൌ
ܨݎଵ
Ɋ  
                                   (7-10) 
Where Ɋ is the static coefficient of friction between the gripper “pads” and the 
flat bar. 
 
A different gripper configuration is presented in Figure 7.14. In this grasping 
configuration the gripper jaws with pads are used again, but in this case the 
jaws are in vertical orientation relative to the gripper. 
 
 
Figure 7.14 Gripper with vertical jaws shown relative to robot world coordinates  
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Figure 7.15 shows a sketch of the free body diagram of the gripper with 
vertical jaws from Figure 7.14. The forces acting on one jaw of the gripper are 
the moment ܯ௕௔௥, the weight of the flat bar supported by one jaw (
ଵ
ଶ݉݃), and 
the reaction forces (force couple ܨ௖ and the reaction force ܨ௠௚ at each pad 
supporting the weight of the flat bar). 
 
 
 
Figure 7.15 Free body diagram of gripper with vertical jaws  
 
In this configuration the force 
ଵ
ଶ݉݃ acts equally at both gripper “pads”. The 
force couple also acts at both gripper “pads” as in the horizontal jaw 
orientation experiment, resulting in equal forces being applied to both jaw 
pads. The resultant reaction vectors ܨ௥భ and ܨ௥మ at the two gripper pads in this 
case are shown in Figure 7.16 and are given by 
ܨ௥భ ൌ ൫ܨ௖ଶ ൅ܨ௠௚ଶ ൯
ଵȀଶ
                                   (7-11) 
ܨ௥మ ൌ ൫ܨ௖ଶ ൅ܨ௠௚ଶ ൯
ଵȀଶ
                                   (7-12) 
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Figure 7.16 Resultant vectors Fr1 and Fr2 
 
In this gripper configuration the forces on the object are smaller and equal at 
both “pads". This means that a smaller overall grasp force needs to be applied 
to the gripper to hold the object successfully, which in turn means that a fragile 
object can be held safer in this gripper configuration. 
To help illustrate the concept of effective torque radius only static analysis was 
used in this section. However, for a moving gripper dynamic forces must be 
considered. Although not presented here in detail, the dynamic force 
components acting on the gripper (Figure 7.14) with respect to gripper 
coordinates x, y, z and robot world coordinates XYZ are given below. 
x The ܨ௫ component acts along the x axis and tends to pull the object 
out of the robot gripper. 
x The ܨ௬ component acts along the y axis and tends to “wedge” the 
gripper open. 
x The ܨ௭ component acts along the z axis and produces object rotation 
tendency at the centre of the gripper. 
 
ܨ௫ ൌ ݉݃ሺݏ݅݊ߠሻ ൅ ݉ܽሺܿ݋ݏߙሻሺݏ݅݊ߚሻ                                  (7-13) 
Where ߙ is the “altitude” angle from the XY plane and ߚ is the “azimuth” 
angle from the XZ plane, at which the gripper acceleration vector ܽ acts. 
ܨ௬ ൌ ݉݃ሺݏ݅݊߶ሻ ቆ
ሺ݀ െ ݓሻሺܿ݋ݏߠሻ
ݓ ቇ ൅݉ܽሺܿ݋ݏߙሻሺܿ݋ݏߚሻ 
        (7-14) 
Where ߶ is the angle of the gripper when gripper is rotated around the X world 
coordinate, ߠ is the angle when gripper is rotated around the Y world 
coordinate, and w is the horizontal width of the gripper in Figure 7.14. 
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ܨ௭ ൌ ቆ
݉݃ሺܿ݋ݏ߶ሻ ൅ ݉ܽሺݏ݅݊ߙሻ݀ሺܿ݋ݏߠሻ
ʹݎ௘
ቇ
൅ ቆ݉݃
ሺܿ݋ݏ߶ሻ ൅ ݉ܽሺݏ݅݊ߙሻ
Ͷ ቇ 
  (7-15) 
ܨ௫ and ܨ௭ combine into a larger net resultant force ܨோ acting in the XZ plane, 
which is given by 
ܨோ ൌ ሺܨ௫ଶ ൅ܨ௭ଶሻ
ଵ
ଶ                                    (7-16) 
For reliable object manipulation the gripper must develop a reaction force 
equal to or greater than the largest force that pulls the object out of the gripper, 
or acts to “wedge” the gripper open. 
 
 
 
7.5 Experimental Procedure and Results - Gripper Orientation and 
Slippage Resistance 
The first experiment was carried out as follows: 
1. A 300 mm x 90 mm x 8 mm hardwood rectangular bar that was gripped 
using the spring loaded gripper and DelrinTM acetal pad jaws orientated 
horizontally as shown in Figure 7.17. The coefficient of friction 
between the DelrinTM acetal jaws and wooden bar was unknown.  
2. An additional load was applied at 125 mm from the centre of the jaws 
using a force gauge, as depicted in Figure 7.17.  
3. The additional load was increased gently until slippage was noticed. 
4. When slippage was noticed, the load value on the force gauge was 
recorded. Five such measurements were taken and the average was 
recorded in Table 7.3. 
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Figure 7.17 Load holding capacity when pad grippers are horizontal  
 
The second experiment was carried out using the same experimental setup and 
method as for horizontally orientated jaws, except that in this case the jaws 
were orientated vertically as shown in Figure 7.18.  
 
Figure 7.18 Load holding capacity when pad grippers are horizontal  
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Table 7.3 summarises the results of the experimentation conducted with pad 
jaws in horizontal and vertical orientation. 
Table 7.3 Load holding experiment – gripper jaws with pads 
Jaw 
length 
(mm) 
Jaw 
orientation 
Force 
application 
radius (mm) 
Approximate 
clamp force (N) 
Average additional 
load at which 
slippage starts  (N) 
80 Horizontal 125 70 1.9 
80 Vertical 125 70 2.8 
 
The experimentation conducted in this section was also not intended to be 
highly accurate, but sufficient to highlight that both, gripper jaw design and its 
orientation relative to the object shape during grasping and manipulation have 
a significant effect on the gripper’s ability to resist object slippage. 
 
7.6 Human Hand with Discrete Grasp Points 
Unlike basic parallel grippers with flat jaws, which have a single contact 
surface, each fingertip of a human hand forms discrete contact points with the 
object, similar to the “pads” presented here. The human hand is a highly 
effective grasping mechanism, especially because the contact location and 
contact force of its discrete contact points can be controlled to achieve a 
desired grasp configuration.  
During experimentation in this project it was obvious that even a hand with 
two articulated fingers is more versatile than a parallel gripper with two rigid 
jaws, because a hand with two articulated fingers can achieve a stable grasp on 
a higher variety of objects.  
The results of the parallel gripper analysis also apply to humanoid hand designs 
as used in robotics.  
The concept of discrete grasp point (“pad”) effectiveness on preventing object 
rotation in the hand can be demonstrated when a human holds an object using 
different grasp configurations. 
 
7.6.1 Testing & Results - Human hand with discrete grasp points 
Just like the basic parallel gripper, a human hand requires a lower grasping 
force to hold an object when the fingers are spread wide apart then when 
fingers are close together, as shown in Figure 7.19.  
The difference in the object tilt angle between the two pictures in Figure 7.19 is 
noticeable. When fingers are not spread apart, the effective torque radius and 
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therefore the resistance to slippage developed by the applied grasp force is not 
sufficient to prevent the object from slipping (tilting). 
Holding the object with the fingertips results in a higher resistance to slippage 
than when holding the object with the fingers flat on the object surface (at 
relatively the same grasp force). However, holding the object with the 
fingertips only proved to be quite uncomfortable for the experiment volunteer.  
 
Figure 7.19 Human hand holding a slippery object – spread fingers offer higher 
resistance to object rotation 
The experiments and observations in this project lead to the conclusion that 
improved gripper mechanical ability contributes to object manipulation 
reliability.  
However the benefits of improved gripper mechanical ability can only be 
maximised when used in conjunction with adequate intelligence that can make 
better grasp decisions to avoid gripper weaknesses, while making the most of 
its strengths.  
 
7.7 Discussion – Robustness against Slippage 
While performing various object manipulation tests using a parallel gripper it 
was noticed that a flat bar held in the parallel gripper was always slipping first 
at the front end of the gripper when the grasp force was gradually reduced.  
From the mechanical perspective, it was found that object manipulation 
reliability is influenced by the ability of the gripper to develop high resistance 
to object rotation. The following conclusions were drawn from the experiments 
and observations conducted: 
1. Gripper design influences the ease of achieving a robust grasp;  
2. Equal reaction forces at all grasp points reduce the chances of slippage; 
3. Equal reaction forces reduce localised high pressure points, and 
therefore allow fragile objects to be manipulated with higher reliability; 
4. Grasp points holding a higher share of the load are more likely to slip 
first during manipulation. 
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5. The choice of gripper orientation to the manipulated object influences 
resistance to slippage. 
It is believed that the concept of effective torque radius presented here can be 
extrapolated to other gripper types and grasping strategies to improve their 
reliability and make them more resistant to object slippage. 
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8.  DEVELOPMENT OF AN EFFECTIVE MANIPULATION 
CONTROLLER 
8.1 Investigation of Human Object Slippage Control Analogy 
Neurological research suggests that humans are equipped with two internal 
control models: a forward (predictive) model and an inverse (reactive) model 
[88]. Both of these control models result in movement of human body. The 
predictive model predicts future required actions, while the reactive model 
responds to sensory feedback. When combined, the two control models 
resemble the well known closed-loop control model that adjusts the control 
output based on feedback from sensors, but can also contain a “feed-forward” 
loop to adjust the control output in anticipation of future requirements. 
 
Neurological research also suggests that the human grasp force estimation 
ability, which manages to maintain a grasp force safety margin as small as 10 
% while still manipulating objects safely, is based on a predictive control 
model of the manipulator (hand and arm) and the object. In this grasp force 
estimation model the role of the sensory system is to provide feedback to the 
predictive model [88], necessary for immediate corrections and to improve 
estimation performance by learning. The required sensory feedback in this 
grasp force estimation model is the normal grasp force sensing, tangential force 
sensing between the object and the gripper and slippage detection.  
 
The normal grasp force and tangential force sensing are used for dynamic grasp 
force control necessary to apply and maintain the predicted grasp forces. The 
slippage detection function is required to trigger a correction to the predictive 
model whenever the predicted grasp forces are insufficient to prevent slippage 
[89], such as during unexpected environmental conditions. 
 
Researchers revealed that people learn to predict the consequences of their 
actions before they learn to control their actions [90]. A person can predict 
what will happen to a ball when the ball is kicked well before learning how to 
kick it like a professional to a precise target. This also implies that to be able to 
predict or control its actions, the manipulator must be capable of learning.  
Manipulators must also be able to recognise and compare objects in order to 
make predictions based on similarity possible. However, predictions based on 
similarity cannot distinguish between objects that look the same but have 
significantly different weights. An unexpected weight during grasping, or a 
sudden change in the weight of the manipulated object are both a form of step 
change; therefore the grasp control model should be designed to react 
appropriately and maintain control during such events. 
The overall predictive model is therefore based on the ability to: 
x Learn; 
x Make predictions based on learned knowledge; 
x React appropriately to an unexpected step change in object weight; 
x Extract information from sensory feedback, which may be used to confirm 
predictions or trigger corrective actions when predictions prove to be 
incorrect [89].  
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In other words, the grasp force prediction model is based on sensory feedback 
and intelligence. 
 
For the purpose of industrial robotic object manipulation, where the object 
characteristics are known in advance, the predictive model could be used to 
enhance manipulation dexterity by reusing grasp force information to 
manipulate similar objects. However this requires the robot to see and sense the 
object and be equipped with an autonomous model that can predict object 
characteristics based on similar known objects. 
 
8.2 Experiments and Results 
8.2.1 Slippage detection experiment using a split block and human hand 
An experiment was conducted in an attempt to determine whether humans can 
prevent object slippage based on incipient slippage feedback. 
 
Experimental setup: 
A 300 g split-block made of aluminium, as used in the section 6.3 experiment 
is shown schematically in Figure 8.1. It was designed to allow insertion of a 
force sensor between two block halves such that when the split block device is 
held in a friction grasp the force sensor can sense the applied grasp force. The 
sensor used is a FlexiForce sensor with a sensing range of 111 N and connected 
to a Tekscan Quick Start Board powered by a 9 V battery that supplies power 
to the sensor. The Tekscan Quick Start Board outputs an analog voltage when 
force is applied to the sensor. An oscilloscope was used to monitor the force 
sensor voltage changes as the grasp force was varied during the slippage 
prevention experiment. 
 
 
Figure 8.1 Split block device 
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Method: 
Six randomly selected subjects aged between 15 and 26 were asked to hold the 
split block in friction grasp such as to avoid slippage. The subjects were 
challenged to achieve the lowest possible grasp force without allowing their 
fingers to slip on the object. Unknown to the subjects, the real purpose of the 
experiment was to determine whether the incipient slippage event that takes 
place prior to bulk slippage would allow the subjects to prevent slippage from 
occurring at all. 
 
 
Figure 8.2 Slippage prevention experiment – split block and force sensor 
 
 
Results and Discussion: 
The following were concluded from this experiment: 
x All subjects reduced the grasp force from a safe grasp force margin to the 
point where slippage started. The difference between the initial grasp force 
measurement (before beginning grasp force reduction) and the final grasp 
force measurement at which slippage started suggests that subjects were 
initially holding the object with a grasp force safety margin of about 20 % 
to 30 %; 
x None of the subjects could reduce the grasp force to a point where they 
were certain that slippage is about to begin, and therefore would stop grasp 
force reduction before slippage occurred. Incipient slippage may have been 
detected, but human conscious reactions may be too slow to prevent 
slippage based on the incipient slippage event; 
 
These findings agree with the predictive grasp control model [89], which 
proposes that the human grasp force control model maintains a grasp force 
“safety factor” above the required grasp force (learned from experience), and 
only uses slippage events to readjust the grasp force safety margin of the 
control model. This suggests that indeed slippage sensing is not the primary 
input for slippage prevention, but is vital as a trigger for grasp force safety 
margin correction. 
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8.3 Manipulation Control Framework Architecture Development 
Significant amount of work has already been done by researchers to develop 
robot control strategies that would maximise the capability of individual 
sensing technologies through their strategic integration. The following 
researchers are some of those that have developed such strategies. 
Namiki and Ishikawa [60], Allen et al [61], Boshra and Zhang [62] and Prats et 
all [66] used sensor fusion strategies to integrate vision and tactile sensing to 
improve grasping.  
Pelossof et al [6] used simulation based on SVM (Support Vector Machine) 
method to find optimum grasps for complex shape objects, without a vision 
system. 
Maria et al. [53] used the Extended Kalman Filter to detect incipient slippage. 
Khalil and Payeur [63] proposed a control strategy specifically aimed at 
grasping 3D deformable objects. 
A generic object manipulation control framework that could be easily adapted 
to various manipulators would be desirable from the reuse perspective because 
commercial robots do not cater for easy controller modifications for research 
purposes. However, such a framework is not yet available; therefore it was 
necessary to develop a simple control framework that could be interfaced to a 
manipulator to act as its “nervous system” and “brain”, with emphasis on 
slippage prevention and control. 
This section presents the architecture of a simplified version of the published 
[91] object manipulation control framework; the emphasis in this control 
framework is on simplicity and fast execution for the purpose of effective 
slippage prevention. The developed manipulation control framework has been 
interfaced to an XYZ+R Cartesian robot for the purpose of executing 
commanded motion, object grasping and slippage control.  
Most of the control framework functionality has been implemented at a basic 
level that is sufficient to control the robot. The slippage prevention function on 
the other hand is part of the primary focus of this research, and has been 
developed to a level that enhances the slippage prevention performance of the 
object grasping device by making better and faster slippage prevention 
decisions. 
In general, the various control functions of a control framework can be readily 
modified, especially when their output has no significant impact on other 
functions. The control architecture, on the other hand, defines the hierarchies of 
control functions and their  interactions at system level; it is the “strategic and 
tactical manager” of the control framework and cannot be readily modified. 
Therefore, the control framework architecture has to be carefully designed to 
ensure that it contains the vital “infastructure” necessary for adequate control.  
The architecture of the object grasping and manipulation control framework, 
and its functional modules (Figure 8.3) including the Sensing Processor, the 
Instinctive Controller, the Motion Planner and the Motion Controller are 
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presented here. For the purpose of this thesis, the sensory feedback as shown in 
the manipulation controller framework block diagram (Figure 8.3) is intended 
to be provided as follows: 
x Vision camera feedback - provided by a digital camera used for object 
detection, location, orientation and size estimation; 
x Tactile sensor feedback: 
o grasp force feedback - provided by gripper motor current; 
o tangential force feedback - provided by gripper shaft torque 
sensor (torque strain gauges);  
o slippage feedback - provided by a friction-based slippage device 
developed in this thesis. 
The “Robot” in Figure 8.3 is a basic XYZ+R robot capable of accepting and 
executing motion commands received from the motion controller module. 
 
Figure 8.3 Architecture of the basic grasp and manipulation control framework 
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8.3.1 Sensing processor 
The task of the Sensing Processor module (Figure 8.3) is to: 
a. Process the vision feedback and convert it into object location, orientation, 
size and shape information; 
b. Use digital filtering to filter the digitized sensor signals and convert them 
into stable feedback signals required by the control modules; 
 
Vision system: Vision is indispensable for autonomous object detection, 
grasping and manipulation. As a minimum, the robot must be equipped with 
vision capability to find, identify and locate the target object.  
Object shape, size and texture properties can be recognised using tactile 
sensing and feedback from the robot’s arm, hand and finger position in a 
similar way to that in humans [92], [93], [94]. Vision provides additional 
functionality as it allows detection of objects that are out of a robot’s reach, and 
therefore their presence and location cannot be detected by touch. Vision also 
makes it possible to differentiate objects by colour, recognise large objects and 
map the surrounding environment, which is difficult or even impossible using 
touch alone. Common approaches to object recognition are edge detection, 
segmentation, recognition by parts, histogram-based recognition, template 
matching, etc. The large variety of approaches suggests that none of these 
approaches has the complete answer to object recognition on its own.  
The vision feedback is not a primary task in this thesis, but due to its 
importance has been implemented at basic level (Figure 8.4) that is sufficient 
to allow the controller to detect simple objects and determine their location, 
orientation and size.  
 
Figure 8.4 Block diagram of basic vision system 
The C# program developed for object detection by the vision system is listed in 
Appendix E. 
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Digital Filtering: In order to achieve confident manipulation, slip detection 
and grasp force control it is important to fulfil the following two requirements:  
x The grasping hardware and software must be capable of controlling the 
grasping forces with adequate mechanical resolution and speed. 
Mechanical resolution should be fine enough to avoid exceeding safe grasp 
forces due to coarse movement increments. Mechanism speed should be 
fast enough to prevent slippage but avoid exceeding safe grasp forces due 
to coarse (slow) control. 
x The sensing feedback system must provide accurate information, in real 
time, to the relevant modules that control the grasping hardware. 
 
The Sensing Processor performs basic digital signal filtering on the tactile, 
position and force feedback signals. The model used for digital filtering is 
based on the recursive moving average filter [95], which is optimum for 
eliminating random noise. The filter uses an average of 20 values and its output 
y is given by  
 
ݕሾ݊ሿ ൌ ݕ
ሾ݊ െ ͳሿ ൅ ݔሾ݊݉ ൅ ͳሿ െ ݔሾ݊݉ െ ሺ݉ െ ͳሻሿ
ʹ  
             (8-1) 
Where ݕሾ݊ሿ is the current point being calculated, ݕሾ݊ െ ͳሿ is the previous 
calculated point, ݔሾ݊݉ ൅ ͳሿ is the latest sample, ݔሾ݊݉ െ ሺ݉ െ ͳሻ is the oldest 
sample, ݊ is the current sample number and ݉ is the number of samples in the 
moving average. It is important to note that ݕሾͲሿ  must be initialised by getting 
݉ number of samples, calculating their average and using the average as the 
previous calculated point ݕሾ݊ െ ͳሿ  before equation 8-1 can be used.  
 
Image resizing and thresholding was used as basic image filtering (for object 
detection in the experimental setup in section 10) to obtain a binary (black-and-
white) image from which “blobs” (patterns) can be extracted. The threshold 
level required was determined by trial and error until acceptable results were 
obtained in the lighting conditions where the experiments were performed. 
Image segmentation (for object detection in the experimental setup in section 
10) was performed using the “BlobCounter” function of the AForge open 
source library to extract “blobs” (object patterns). The “shapeChecker” object 
shape recognition function of the AForge library was then used to determine 
the shape of the found object. 
 
8.3.2 Instinctive controller 
The task of the Instinctive Controller module (Figure 8.5) is to 
a. Bypass the slow control actions of Motion Planner, and therefore generate 
fast, instinct-like reactions in order to prevent slippage; 
b. Provide grasp force correction feedback to the Motion Planning module. 
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Figure 8.5 Instinctive Controller algorithm diagram 
 
 
 
Sensor Fusion for Slippage Detection: Sensor fusion is a slippage prevention 
strategy implemented at system level in the Instinctive Controller. It acts as a 
filter to help produce reliable information and is the main contributor to 
reliable slippage detection. A voting scheme is used as shown in Figure 8.6.  
 
Initially, sensor fusion for slippage detection was based on the tangential force 
sensor and vision feedback. However this proved to be difficult due to the need 
for complex, real time object position feedback from the slow vision system. 
 
The current sensor fusion (Figure 8.6) is based on feedback from the slippage, 
tangential force and grasp force sensors. The slippage sensor used has an 
inherent slippage detection capability rather than derived slippage detection 
based on vibration. The tangential force sensing is based on the torque 
developed by the manipulated object on the gripper’s roller-shaft pair, as 
described in chapter 6. 
The slippage sensor uses a rotary encoder that generates slippage signals as 
encoder pulses. The resolution of the detectable slippage distance is dependent 
on the encoder resolution and the diameter of the roller support shaft. A 
tolerance of a few pulses may be allowed before triggering a slippage event, in 
order to prevent false slippage events due to mechanical inaccuracies such as 
would exist in a rough slippage detection device prototype. 
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Figure 8.6 Sensor fusion for slippage detection based on slippage, tangential force 
and grasp force feedback 
A major advantage of this redeveloped slippage detection strategy is the ability 
to provide detailed slippage information including “potential” slippage and 
slippage magnitude. 
Potential slippage is defined here as slippage that has not yet been detected by 
the dedicated slippage sensor, however based on tangential force changes 
relative to the current grasp force, slippage is likely to occur because the 
effective grasp force safety margin is very small. 
The tangential force threshold level is the maximum deviation allowed from 
the tangential force recorded at the point where slippage stops during initial 
object grasping and lifting. 
The base grasp force safety margin is also established at the point where 
slippage stops during initial object grasping and lifting. The grasp force safety 
margin is then corrected during object manipulation based on feedback from 
the dedicated slippage sensor. 
In this controller the magnitude of the grasp force safety margin ܨௌெ is 
estimated using equation 3-5 (i.e. ܨௌெ ൌ Ɋ௦ܨ െ ܨ௧), where ܨ is the grasp force, 
ܨ௧ is the tangential force on the gripper (force that tends to slide the object out 
of the gripper) developped by the mass of the manipulated object when no 
slippage takes place.  
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The static coefficient of friction μs can be readily estimated using equation 3-8 
(Ɋୱ ൌ
ி೟
ி ). The static coefficient of friction can also be estimates using equation 
3-9 (Ɋୱ ൌ Ɋ୩Ȁ
ிೞ೟ೌೝ೟
ிೞ೟೚೛
) where, 
 
ܨ௦௧௔௥௧ - grasp force value at the point of impending slippage; 
ܨ௦௧௢௣ - grasp force value at the point where slippage stops. 
 
The minimum grasp force safety margin in this controller is limited such that 
ܨௌெ ൐ ͲǤͲͷܨ௧                                     (8-2) 
This ensures that the grasp force safety margin is adjusted dynamically relative 
to the tangential force, which depends on the grasp force, the mass of the object 
and acceleration of the manipulated object. 
 
8.3.3 Motion planner 
The Motion Planning module is not essential to this project but was useful for 
searching for the object and performing autonomous grasping. The task of the 
Motion Planning module is to direct the robot to the required grasp/release 
location, and to perform basic object grasping decisions at the gripper level.  
 
 
Decision engine design 
 
The Decision engine is intended to perform the following tasks at a basic level: 
a. Decide gripper orientation and arm position for grasping and releasing the 
object; 
b. Generate a sequence of grasp and move actions that have to be performed  
by the Motion Controller module (move to object location, orientate 
gripper, grasp object, move object to new location, orientate object, release 
object, go home). A maximum limit of “move sequence generation” 
iterations should be set to avoid an infinite loop (set to five in this case). 
Because a simple XYZ robot is used for object manipulation and only robot 
travel limits and gripper capacity limits are checked, the algoritm generates 
the move sequence in two iterations; 
c. Pass the generated motion information to the Motion Controller module. 
 
The object grasp planning algorithm used by the Decision engine is shown in 
Figure 8.7. The task of the Decision engine is to use pre-configured grasp 
planning rules based on object grasping complexity presented in section 5.2. Its 
priorities during grasping are the ease of achieving a grasp, followed by high 
object stability in the gripper and low grasp force. 
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Figure 8.7 Object grasp and move planning algorithm structure of the Decision 
Engine. 
Object grasp planning has been a popular research topic due to the emergence 
of humanoid robot hands that are designed to be capable of more flexible 
grasping than a basic industrial robot fitted with a parallel gripper. Some 
modern grasping strategies rely on vision for grasp planning such as the grasp 
simulators Grasp-RRT [96] and GraspIt! [97], which mimic the natural human 
grasp planning behaviour.  
The current research trend is to “fuse” information provided by various 
systems in order to achieve a better net result [98].  
Some researchers decompose the objects into shape primitives [99], [100], 
others use approaches such as Bayesian network models [101].  
Several other interesting grasp planning strategies have been proposed, but 
most require complex computations and image processing. As a result some 
researchers pointed out that grasp planning is indeed a complex task [102], 
[103]. 
 
8.3.4 Motion Controller 
The task of the Motion Controller module (Figure 8.8) is to: 
a. Generate reference path points and orientations based on the grasp data 
generated by the Motion Planning module; 
b. Apply speed/acceleration and force constraints; 
c. Feed the reference path points, gripper orientation and grasp force to the 
robot controller that performs the actual detailed control of the robot. 
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Figure 8.8 Motion Control algorithm structure.  
 
8.3.5 Discussion - manipulation controller framework development 
Object grasp decisions are very complex tasks, and many more factors 
influence grasp decisions than it was initially anticipated. Object grasping 
complexity analysis, although not exhaustive, resulted in a useful insight into 
factors that have a significant influence on object grasping and manipulation. It 
also points to the fact that there are other factors that have a significant 
influence on object grasping decisions, apart from the obvious ones like shape, 
size and mass. This knowledge can be used to further improve the 
manipulation planning rules used by motion planners.  
The most challenging part of developing the controller framework was found 
to be the development of a streamlined architecture that eliminates unnecessary 
control functions, data processing and interaction redundancies, but at the same 
time provides the necessary information and interactions to ensure fast and 
effective slippage prevention control. 
Even in its basic form, the developed control framework architecture is in 
essence 
x A planner that generates simple but useful object grasping and 
manipulation information based on the status of the target object;  
x An object manipulation controller that executes the object manipulation 
task based on the generated information and controls grasp forces to 
prevent object slippage during manipulation; 
x The “brain” and the “nervous system” that acts in response to sensory 
feedback to achieve safe object grasping and manipulation. 
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9. Final Friction-Based Slippage Sensing Device Design 
The working principle of the friction-based slippage sensing device was 
described in detail in section 6.2.  
 
This section presents the design of the final prototype that has been built and 
used to conduct slippage control experiments. The slippage sensing device 
presented is of symmetric design that supports the roller shaft at both ends. 
This is a significant improvement over the gripper design presented in section 
6.3 because it maintains parallelism between the gripper rollers even when 
large grasp forces are applied. 
 
The torque (tangential force) sensing assembly design: 
The torque sensing element (Figure 9.1) is designed to sense torque (tangential 
force) and includes the following components: 
x Support (aluminium) – attaches to one of the robot gripper jaws; 
x Roller bearings (steel) – are press fitted into Support and allow the 
Roller Shaft to rotate freely in the two bearings. 
x Roller shaft (steel) – allows the aluminium roller to rotate on it; 
x Torque pin (aluminium) – has the small end bolted to the Roller shaft 
and the flange-end bolted to the support; 
x Roller (aluminium) – slides (rotates) on the shaft. 
 
The torque sensing element was fitted with a full Wheatstone bridge torque 
sensor, designed to sense the tangential force in the vertical direction that is 
developed on the shaft by the weight of the object held in the gripper. The 
tangential force is developed on the shaft by the same principle as described in 
section 6.2. 
 
Figure 9.1 Cross-section through the torque sensing element  assembly 
 
This design eliminates the need for a tensile force sensor to be fitted between 
the gripper and the gripper rotation motor to act as the tangential force sensor, 
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as was necessary in the experimental setup described in section 3.2. The 
disadvantage of the tensile force sensor setup in section 3.2 is that the 
tangential force dynamic response is significantly reduced due to the inertia of 
the gripper mass attached to the tensile force sensor.  
Assuming that the roller rotation inertia is insignificant, the new design that has 
the torque sensor fitted directly to the roller shaft senses only the weight of the 
object held in the gripper and therefore offers a better dynamic response. This 
is useful because a tangential force sensor with a high dynamic response can be 
potentially used to detect disturbances in the analog signal (using the discrete 
Fourier transform) during incipient slippage when the roller just begins to slip. 
The roller rotates on the shaft, which in turn is supported at its two ends on 
roller bearings to minimise friction and allow the full torque developed on the 
roller to be sensed by the torque pin that is bolted to the support. 
 
Torque pin design: 
The TML QFCT-2-350-11 strain gauges (specifications in Appendix C) used 
for the torque pin’s full Wheatstone bridge have the following parameters: 
x Gage factor GF = 2.12 +/-1 % 
x Grid length = 2 mm 
x Allowable strain = 3 % 
x Overall dimensions: 7.6 mm x 5.3 mm 
 
The 3 % strain allows a maximum strain gauge elongation of 
 
ʹ݉݉ כ ͲǤͲ͵ ൌ ͲǤͲ͸݉݉ ൌ ͸ͲɊ݉ 
Due to the very small values, strain is also expressed by strain gauge 
manufacturers in “microstrain” (strain * 106). In this case the 3 % strain limit 
of the strain gauge can be expressed as 
 
ͲǤͲ͵ כ ͳͲ଺ ൌ ͵ͲǡͲͲͲ݉݅ܿݎ݋ݏݐݎܽ݅݊
The torque pin (Figure 9.2) was designed to maximise its torsional strain when 
a 300 g load is held in the gripper. The torque pin was made of 6061-T6 
aluminium, with a diameter of 4 mm and a length of 20 mm. The design intent 
was to make the pin diameter as small as possible to maximise its strain under 
the given load (and therefore the torque resolution) but still allow the strain 
gauges to be fitted on its circumference without overlap. 
 
 
Figure 9.2 Torque pin assembly 
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The maximum torsional strain for a round shaft is given as 
 
 
ߛ୫ୟ୶ ൌ
Ͷܶ
ߨ כ ܧ כ ܴଷ כ ሺͳ ൅ ߭ሻ 
(9.1) 
 
Where, 
γmax - Maximum shaft torsional strain 
T - Applied torque to shaft 
E – Elastic modulus of shaft material 
R – Shaft (pin) outer radius 
ν – Poison ratio 
 
The design parameters for the torque pin are as follows: 
T = 3 N * 0.013 m = 0.039 Nm 
E = 68.9 * 109 N/mm2 
R = 0.002 m; 
ν = 0.33 
 
Substituting the torque pin parameters in equation 9.1 gives 
 
 
ߛ୫ୟ୶ୀ ସכ଴Ǥ଴ଷଽగכ଺଼Ǥଽכଵ଴వכ଴Ǥ଴଴ଶయכሺଵା଴Ǥଷଷሻכଵ଴లୀଵଶ଴௠௜௖௥௢௦௧௥௔௜௡
 
 
 
The 120 microstrain range is well within the allowable 30,000 microstrain that 
can be applied to the strain gauge without causing it damage. 
 
The theoretical full bridge output, not accounting for losses is estimated as 
 
 
ܧ௢
ܧ௜
ൌ ܩܨ כ ߛ௠௔௫ʹ  
(9.2) 
 
Where, 
E0 - bridge output (mV) 
Ei - bridge excitation (V) 
GF – the gauge factor of the strain gauge 
 
Substituting in equation 9.2 gives a bridge output of 
 
 
ܧ௢
ܧ௜
ൌ ʹǤͳʹ כ ͳʹͲ כ ͳͲ
ି଺
ʹ ൌ ͲǤͳʹ͹
ܸ݉
ܸ  
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At full strain and an excitation of 5 V DC the theoretical bridge output is 
 
 
ܧ௢
ܧ௜
̷ͷܸ ൌ ͲǤͳʹ͹ܸܸ݉ כ ͷܸ ൌ ͲǤ͸͵ͷܸ݉ ൌ ͸͵ͷμܸ 
 
 
The bridge output is expected to vary from the theoretical value due to 
variations in excitation voltage, variations in strain gauge extension wire 
resistance and because the strain gauge is not matched to aluminium for 
temperature compensation. These variations from the theoretical output will be 
relatively small (within 5 %), therefore acceptable for measuring the tangential 
force developed by the object on the robot gripper.  
The torque pin engineering drawing is located in Appendix B, Figure 15.4. 
 
Slippage sensing assembly design: 
The second jaw of the slippage sensing device (Figure 9.3) was fitted with an 
incremental rotary encoder designed to sense roller rotation when the object 
slips in the gripper.  
In this design the steel roller support shaft is press-fitted into the aluminium 
roller such that they rotate together. The shaft is free to rotate in the steel plain 
bearings illustrated in Figure 9.3.  
The encoder is attached to the support using a screw, and its shaft is coupled to 
the roller support shaft via a silicone rubber disc. This allows the encoder to 
sense relative motion between the roller support shaft and the steel plain 
bearings, therefore allowing slippage to be detected by the same principle as 
described in section 3.2. 
 
 
Figure 9.3 Cross-section through the slippage sensing element assembly 
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10. Slippage Detection with the Final Version of the Friction-Based 
Slippage Sensing Device 
Four sets of object manipulation experiments have been conducted with the 
final version of the developed device in conjunction with different slippage 
control strategies. This work is detailed below. 
 
Experimental Setup: 
The experimental prototype friction-based slippage sensing device components 
are large but can be miniaturised to make them practical for small object 
manipulation applications.  
The control system has been rebuilt based on a new controller that incorporates 
all the necessary hardware for data acquisition and control in a single 
integrated unit. This was necessary because the original controller used for 
experimentation was built using components from various suppliers, and as a 
result suffered from malfunctions at board-level interfaces (e.g. more current 
was required by one device than could be safely supplied by the other). This 
caused many interruptions during experiments.  
 
This experimental setup uses the following major components: 
x Custom torque sensor. It uses four QFCT-2-350-11, 350 ohm strain 
gauges arranged in a full Wheatstone bridge configuration to maximise 
torque sensitivity; 
 
Figure 10.1 Torque sensing pin assembly 
x Full bridge amplifier model SW-L9R92 (specifications in Appendix C), 
used to amplify the torque sensor’s Wheatstone bridge microvolt DC 
signal to 0-5 V DC; 
 
Figure 10.2 SW-L9R92 bridge amplifier, similar to SW-L23I2 used in section 3 
experiments but with custom 0.5 mV/V input sensitivity and 0-5 V DC output  
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x Friction-based tangential force sensing assembly fitted with the 
developed torque sensor for tangential force measurement. 
 
Figure 10.3 Torque pin assembled into the roller assembly 
x Nemicon 18S-500-2MC-2-15-00E incremental encoder (specifications 
in Appendix C), used as slippage sensor. The encoder is powered by 5V 
DC and has 500 lines per revolution, resulting in a resolution of 2000 
pulses (counts) per revolution after quadrature encoding (i.e. 500 x 4). 
Encoder shown with custom mounting flange fitted; 
 
Figure 10.4 Incremental rotary encoder 
x Friction-based slippage sensing roller assembly fitted with the Nemicon 
incremental encoder. The rubber O-rings are used to increase the 
coefficient of friction and to provide mechanical compliance between 
the gripper and the grasped object. The O-rings also increase resistance 
to object rotation in the gripper due to the discrete contact points 
formed with the object, as described in section 7. 
 
Figure 10.5 Encoder fitted to the roller assembly 
x Basler acA-1300-30gc vision camera (1296 x 966 pixels, 3.75 μm pixel 
height and width) for object detection and location.  
 
Figure 10.6 Vision camera 
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This colour camera is configured to send gray scale images to PC under 
the control of the Basler’s proprietary Pylon driver via a Gigabit 
Ethernet connection. The camera is capable of 30 fps (frames per 
second); however for these experiments one image per second is 
adequate. This is because the robot is moved to another location before 
the next image is taken if the target object was not found in the previous 
image. The vision system software processes the image and sends 
object data to PC. The software is listed in Appendix E. Camera 
specifications given in Appendix C. 
x Windows 7 operating system running on an Asus notebook and 
executing the vision software that processes the image received from 
the Basler vision camera to determine object shape, size, location and 
orientation and sends the data to the Moacon controller via an RS232 
communication link; 
x Moacon C programmable controller with digital inputs, relay outputs, 
analog inputs, quadrature encoder inputs, PWM outputs and four 
position controllers for the XYZ and R stepper motor drivers used. This 
controller performs the signal processing, motion planning, instinctive 
control, motion control and robot control. 
 
Figure 10.7 Moacon controller 
x XYZ+R Cartesian robot (“R” stands for gripper rotation around Z axis) 
fitted with a modified Schunk RH701 electric gripper to allow higher 
grasp forces to be applied to the object. This allows a 300 g object to be 
held safely without overstressing the gripper motor; 
 
Figure 10.8 XYZ+R Cartesian robot fitted with gripper, slippage sensing element 
and tangential force sensing element  
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x Four Gecko G251X digital stepper motor drivers for XYZ and R axes; 
 
Figure 10.9 G251X digital stepper motor driver 
x MD10C brush motor PWM driver for gripper’s DC motor grasp force 
control. The MD10C motor driver PWM output resolution is controlled 
by the resolution of the input pulses received from the controller. In this 
setup the Moacon PWM resolution is 16 bit and updated at 20 KHz. 
The gripper DC motor draws 2 A resulting in output current increments 
of 2000 mA/65535 = 0.03 mA. Therefore this setup is capable of high 
resolution grasp force control but the actual commanded resolution is 
decided in the control algorithm. In this experimental setup the smallest 
grasp force is incremented is 5 % of the grasp force range. 
 
Figure 10.10 MD10C brush motor PWM drive 
x Two 24VDC power supplies, one to power the Moacon controller and 
the second one to power the various system devices. 
 
Figure 10.11 Schematic representation of the experimental setup using the final 
friction-based gripper design 
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Figure 10.12 The experimental setup for executing object grasping and manipulation 
tasks 
The grasp force is estimated from the duty cycle applied to the gripper’s DC 
motor using the PWM (pulse width modulation) control technique. If 50 % 
PWM is applied to the gripper motor, the grasp force is estimated to be 
approximately 50 % of the total grasp force that the gripper can generate. This 
is a useful grasp force estimation feature as no additional hardware and 
computation is required. 
The Moacon controller is capable of accepting object shape, size, location and 
orientation information from the vision processor (running on a PC) via RS232 
communication, and then executing object grasping and manipulation 
sequences according to this information. 
The robot can rotate the gripper 360 ° around its vertical axis. This allows the 
robot to move to the object position coordinates provided by the vision 
processor and rotate the gripper in the horizontal plane based on object 
orientation. Although not very flexible, the robot can execute object grasping 
and motion sequences that are sufficient for carrying out the object grasping 
and manipulation tasks for slippage detection and prevention experiments.  
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Four different experiments were conducted to assess different slippage control 
strategies as follows: 
Experiment 1 – Simple slippage control; 
Experiment 2 – Sensor fusion based slippage control; 
Experiment 3 – Proportional based slippage control. 
Experiment 4 – Proportional based slippage control with slip-rate based grasp 
force control during initial object lifting. 
A Tektronix DPO 3054 oscilloscope (Figure 10.13) was used to record the 
sensor signals during these experiments. 
The slippage pulses recorded are from incremental encoder channel A only and 
before quadrature encoding, meaning that there are four times as many pulses 
seen by the robot controller as captured on the oscilloscope. Slippage pulses 
received from the incremental encoder are checked by the slippage control 
algoritm every 200 ms (due to controller’s processing speed limitations). A 
slippage event is triggered in this setup when the encoder counts accumulate to 
four or more (i.e. roller has rotated more than 0.72° in the same direction). This 
is intended to prevent false slippage events from being triggered due to 
mechanical imperfections of the prototype slippage detection element. 
 
Figure 10.13 The DPO 3054 oscilloscope used during experimentation 
 
Methodology for Experiment 1 – Simple slippage control: 
Slippage detection and control used for these experiments is based on a simple 
strategy that increases the grasp force by a fixed amount of 10 % of the grasp 
force whenever a slippage event is triggered.  
Figure 10.14 summarizes the slippage control algorithm used for Experiment 1. 
The initial grasp force was set to 10 % of the total available grasp force by 
applying a 10 % PWM modulation duty to the gripper motor. The grasp force 
was then increased by 5 % of the total grasp force whenever a slippage event 
was triggered. The 5 % grasp force increments were found to provide adequate 
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gross slippage prevention. The 5 % grasp force increments are updated every 
200 ms for as long as slippage pulses are detected, but until 90 % of the grasp 
force is reached (see Figure 10.14). A potentially uncontrollable slippage is 
considered to occur when the applied grasp force is already at 90 % of the total 
available grasp force and further grasp force increase may not be sufficient to 
prevent slippage. 
 
Figure 10.14 Control algorithm for simple slippage control  
 
A 300 g rectangular object (25 mm x 55 mm x 80 mm) made of 6061 
aluminium and a 300 g cylindrical object (25 mm x 78.5 mm) made of 304 
stainless steel were used for experimentation. The robot was instructed to 
execute the following tasks autonomously: 
1) Grasp the object with approximately 10 % of the available grasp force; 
2) While lifting the object, adjust the grasp force to stop slippage; 
3) When lifting is completed accelerate the gripper downward then 
upward and monitor/control slippage; 
4) If slippage becomes large and potentially uncontrollable (i.e. there is 
not enough grasp force available to control slippage), stop robot motion 
and revert to manual robot control by a human to prevent damage; 
5) Else move gripper down and release the object. 
 
Constraints and assumptions:  
1) Object shapes were limited to rectangular and circular; 
2) Object mass was limited to approximately 300 g to avoid overstressing 
the gripper; 
3) The object was assumed to be capable of sustaining 100 % grasp force 
without damage; 
4) The roller was assumed to always rotate when object slippage occurred. 
The term “object slippage” is used here to mean slippage at the roller-
shaft interface not at the roller-object interface. If designed correctly, 
slippage at the roller-shaft interface should occur well before slippage 
at the roller-object interface for the range of objects intended to be 
manipulated by that particular gripper; 
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5) Initial grasp force creates sufficient contact with the object to cause the 
roller to rotate when object lifting begins. 
 
The object grasping and lifting sequence using the rectangular object is 
illustrated in the video sequence shown in Figure 10.15.  
 
Figure 10.15 Object grasping, lifting, acceleration and release sequence  
The initial grasp force was set to 10 % of the total grasp force range by 
applying a 10 % PWM modulation duty to the gripper motor. The grasp force 
was then increased by 10 % of the total grasp force range whenever slippage 
was detected. The slippage control results using this simple grasp force control 
strategy are presented below. 
 
Results and Discussion for Experiment 1: 
Figures 10.16 to 10.21 illustrate object lifting and slippage control sequences 
performed using the simple slippage control strategy. There is no pre-emptive 
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action taken to prevent slippage when there is a change in the tangential force 
sensed at the gripper.  
An unpredicted slippage is considered to be a slippage event to which the 
control strategy did not react to increase the grasp force before the actual 
slippage was detected. The object slippage distance has not been specifically 
computed in these experiments, but could be measured based encoder 
displacement. 
The low frequency encoder state changes are due to small roller movements 
during object manipulation that are not considered slippage. The initial object 
lift was intentionally performed at low speed to allow visualisation of the 
slippage sensing device behaviour.  
It is important to mention that the tangential force sensor cable is not shielded 
between the Wheatstone bridge and the amplifier, and as a result was affected 
by electrical noise from the Z axis stepper motor and the PWM for grasp force 
control, which resulted in tangential force signal distortion, as can be seen in 
the experiment figures. However, even with low quality tangential force 
feedback, the grasp force and slippage control still performs reliably. 
 
Figure 10.16 Initial grasp force set at 10 % of range. Grasp force increments are in 
steps of 10 %. The horizontal time scale is 2 s/division. Slip during acceleration is 
about 0.25 mm (i.e. roller rotates 1.44 ° on its Ø20 mm support shaft) 
 
Figure 10.17 illustrates two grasp force increments to counteract 
slippage. The first slippage occurred close to the end of the initial lift 
and the second slippage occurred when the gripper was accelerated 
downward and then decelerated sharply.  
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Figure 10.17 Grasp and lift with 10 % initial grasp force – simple slippage control 
 
Figure 10.18 Grasp and lift with 10 % initial grasp force – simple slippage control 
 
 
Figure 10.19 Grasp and lift with 10 % initial grasp force – simple slippage control 
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Figure 10.20 Grasp and lift with 10 % initial grasp force – simple slippage control 
 
 
Figure 10.21 Grasp and lift with 10 % initial grasp force – simple slippage control 
 
Figure 10.22 Typical slippage events displayed by the Moacon controller during 
object lifting showing the sensed object mass in grams and grasp force control as 
percent PWM duty * 10 
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Table 10.1 summarises the experimental results when using the simple slippage 
control strategy. Unpredicted slippages were recorded in each of the ten object 
manipulation attempts. However, all unpredicted slippages were successfully 
resolved by increasing the grasp force and stopping the slippage, partially due 
to the medium manipulation velocity of approximately 1 m/s. 
The slippage control program developed for the Moacon controller and used 
for to perform Experiment 1 is presented in Appendix G. 
 
Table 10.1 Results for simple slippage control strategy 
Object lifting attempt 
number 
Unpredicted 
slippage 
Slippage stopped 
successfully 
1 1 1 
2 1 1 
3 1 1 
4 1 1 
5 1 1 
6 1 1 
7 1 1 
8 1 1 
9 1 1 
10 1 1 
Total 10 10 
 
 
Methodology for Experiment 2 – Sensor Fusion Slippage Control: 
This experiment was conducted using the same hardware, methodology and 
constraints as in Experiment 1 above, except that the sensor fusion slippage 
control strategy was used here. The state diagram in Figure 10.23 shows the 
grasp force control algorithm used in conjunction with the sensor fusion 
slippage detection. To stop slippage during initial object lifting, the grasp force 
is increased the same way as in the case of “simple control” used in 
Experiment 1. If potential slippage is detected, 10 %  of the grasp force range 
is added to the current grasp force but is removed when potential slippage is no 
longer present, such as when the gripper no longer accelerates. The grasp force 
is increased by 5 % if controllable slippage is detected.  
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Figure 10.23 Grasp force control state diagram including sensor fusion based 
slippage detection 
 
The intent of this experiment was to compare the performance of simple 
slippage control used in Experiment 1 with the performance of sensor fusion 
based slippage detection strategy. 
 
Results and Discussion for Experiment 2: 
Figures 10.24 to 10.29 show the slippage control behaviour when the sensor 
fusion slippage detection strategy is enabled. There was slippage during the 
initial object lifting but no unpredicted slippage events were triggered during 
the down-up gripper acceleration sequence.  
 
Figure 10.24 Slippage control using sensor fusion – unpredicted slippage occurred 
close to end of initial lift 
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Figure 10.25 Slippage control using sensor fusion – no slippage 
 
 
Figure 10.26 Slippage control using sensor fusion – no slippage 
 
Figure 10.27 Slippage control using sensor fusion – no slippage 
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Figure 10.28 Slippage control using sensor fusion – no slippage 
 
 
Figure 10.29 Slippage control using sensor fusion – no slippage 
 
 
 
Table 10.2 summarises the experimental results. One unpredicted slippage 
occurred during the initial lift of the first attempt. Unpredicted slippages also 
occurred due to a “creep” effect noticed during experimentation. Because the 
encoder tracks the roller displacement over time, small slippages accumulate 
until it is sufficient to trigger a slippage event, which is defined as > 4 encoder 
counts. This acts as a slippage integrator; however when a slippage event is 
triggered as a result of slippage creep, the grasp force is increase stops slippage 
but the sensor fusion strategy in its current form cannot predict the slippage 
because the changes in tangential force are too small to trigger a controller 
reaction. The slippage creep effect is definitely a candidate for improvement. 
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Table 10.2 Results for sensor fusion based control strategy 
Object lifting 
attempt number 
Unpredicted 
slippage 
Unpredicted slippage 
due to creep 
Slippage prevented 
successfully 
1 1 0 0 
2 0 0 1 
3 0 0 1 
4 0 0 1 
5 0 0 1 
6 0 0 1 
7 0 0 1 
8 0 1 0 
9 0 0 1 
10 0 1 0 
Total 1 2 7 
 
The slippage control program developed for the Moacon controller and used 
for to perform Experiment 2 is presented in Appendix H. 
 
Methodology for Experiment 3: 
This experiment was conducted using the same hardware, methodology and 
constraints as in Experiments 1 and 2 above, except that the performance of a 
modified version of the slippage control strategy was compared to the 
performance of the sensor fusion grasp force control strategy. 
This strategy uses the ratio of the static to the dynamic coefficient of friction 
ஜೞ
ஜೖ
 
as a scaling factor for grasp force correction that depends on the values of the 
two coefficients of friction at the roller-shaft interface where slippage occurs 
first. The reasoning behind this strategy is that the additional grasp force 
required to stop object slippage (i.e. the roller started to rotate on the shaft) will 
be proportional to the 
ஜೞ
ஜೖ
 ratio at the roller-shaft interface of the slippage 
sensing element and can be illustrated as follows. 
Let Ɋ௞ܨଵ in Figure 10.29 be the grasp force at which slippage stops during 
object lifting and Ɋ௦ܨଵ the static friction force when slippage stops. If the grasp 
force is then reduced to the point of incipient slippage (i.e. the natural grasp 
force safety margin ܨௌெ ൌ Ͳ), the reduced static friction becomes Ɋ௦ܨଶ and 
results in the following relationship 
Ɋ௞ܨଵ ൌ Ɋ௦ܨଶ                (10.1) 
Re-arranging gives 
	ଵ ൌ ܨଶ ቀ
ஜೞ
ஜೖ
ቁ               (10.2) 
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Therefore at the instant when slippage starts ܨଶ (i.e. the grasp force) has to be 
increased by at least the 
ஜೞ
ஜೖ
 ratio to stop slippage. The 
ஜೞ
ஜೖ
 ratio can be estimated 
using equation 3-10. 
 
Figure 10.30 Grasp force reduction to the point of roller slippage on shaft 
 
The proposed grasp force control strategy in this case (when no slippage takes 
place) can be expressed as follows 
 
ܨ ൌ ܨଵ ൭ͳ ൅ ቆ
ȁܨ௧ଵ െ ܨ௧ȁ
ܨ௧ଵ
ቇ൱ ǡ ܨ௧ଵ ൐ Ͳ 
(10.3) 
Where, 
x F is the total grasp force applied to the object; 
x ܨଵ is the grasp force recorded at the point where slippage stopped while 
lifting the object; it is the static component of the total grasp force; 
x ܨ௧ଵ is the tangential force recorded at the point where slippage stopped 
while lifting the object; 
x ܨ௧ is the current tangential force developed by the grasped object on the 
roller; 
x ȁܨ௧ െ ܨ௧ଵȁ is the absolute value of the tangential force change; 
x ܨଵ ቀȁி೟భିி೟ȁி೟భ ቁis the dynamic component of the total grasp force; its value 
changes in proportion to changes in ܨ௧ relative to ܨ௧ଵ. 
 
When slippage signals are detected, the static component ܨଵ will be assigned a 
new value that has been incremented by a factor 
ஜೞ
ஜೖ
 , which allocates a grasp 
force safety margin proportional to the friction characteristics at the roller-shaft 
interface. This will increase the static components of the grasp force safety 
margin to prevent future slippage and can be expressed as follows 
ܨଵ೙೐ೢ ൌ ܨଵ ቀ
ஜೞ
ஜೖ
ቁ       ሺͳͲǤͶሻ
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In the developed slippage sensing device, slippage during object manipulation 
occurs at the roller-shaft interface; therefore the ratio of static to dynamic 
coefficient of friction 
ஜೞ
ஜೖ
 between the roller and the shaft needs to be 
established only once. The manipulator can determine this ratio autonomously 
using an object of a suitable weight and equation 3-10. The ratio can then be 
verified by the manipulator when convenient or necessary. 
This control strategy is a form of uni-polar, self-tuning proportional controller 
that has a dynamic component that reacts to potential slippage during object 
acceleration and deceleration. It also reacts naturally to increase the grasp force 
when the object slips in the gripper because it senses object slippage as a 
change in the tangential force ܨ௧. When no changes in tangential force ܨ௧ take 
place, the additional grasp force above the grasp force safety margin is 
cancelled leaving only the static component ܨଵ as the active grasp force. 
 
The grasp force control in equation 10.3 can also be expressed in terms of 
PWM duty as follows 
ܹܲܯ ൌ ܹܲܯଵ ൭ͳ ൅ ቆ
ȁܨ௧ଵ െ ܨ௧ȁ
ܨ௧ଵ
ቇ൱ ǡ ܨ௧ଵ ൐ Ͳ 
(10.5) 
Where, 
x ܹܲܯ is the pulse width modulation duty applied to the gripper motor; 
it controls the grasp force of the gripper; 
x ܹܲܯଵ is the pulse width modulation recorded at the point where 
slippage stopped while lifting the object; 
x ܹܲܯଵ ቀȁி೟భିி೟ȁி೟భ ቁ is the dynamic component of the total grasp force; its 
value changes in proportion to changes in ܨ௧ relative to ܨ௧ଵ. 
 
When slippage is detected, ܹܲܯଵ will be assigned a new value that has been 
increased by the 
ஜೞ
ஜೖ
 factor as follows 
ܹܲܯଵ೙೐ೢ ൌ ܹܲܯଵ ൬
Ɋ௦
Ɋ௞
൰
ሺͳͲǤ͸ሻ
 
Equations 10.5 and 10.6 are useful because most controllers are equipped with 
PWM outputs that can be used to control the grasp force of a robot gripper. 
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Results and Discussion for Experiment 3: 
Ten object manipulation sequences were executed. The results were recorded 
with the intent to compare the performance of the new slippage detection 
strategy proposed here with the performance of the sensor fusion based 
slippage detection strategy used in experiment 2. 
Equations 10.5 and 10.6 were used as the slippage control strategy for this 
experiment.  
Figures 10.31 to 10.36 show the signals recorded during experimentation based 
on this new slippage control strategy. Unpredicted slippage still occurred 
although less frequently than when the only slippage prevention strategy is to 
increase the grasp force when slippage occurs. 
 
Figure 10.31 Slippage control using the proportional controller – small slippage 
 
Figure 10.32 Slippage control using the proportional controller – no slippage 
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Figure 10.33 Slippage control using the proportional controller – small slippage 
 
 
Figure 10.34 Slippage control using the proportional controller – no slippage 
 
 
Figure 10.35 Slippage control using the proportional controller – no slippage 
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Figure 10.36 Slippage control using the proportional controller – no slippage 
The slippage controller based on equations 10.3 and 10.4 (or 10.5 and 10.6-
10.7) increases its output proportionally to the changes in the tangential force 
ܨ௧ relative to ܨ௧ଵ. In fact this grasp control strategy “predicts” potential 
slippage by reacting to changes in the tangential force and acting to increase 
the grasp force safety margin to prevent slippage from occurring.  
Table 10.3 summarises the experimental results obtained for object 
manipulation based on equations 10.5 and 10.6. Because unpredicted slippages 
still occurred, suggests that the controller reaction to changes in tangential 
force is not always sufficient. This may be due to the slow control loop that 
executes only every 200 ms due to controller hardware limitations, which may 
be too slow for adequate control of fast slippage events. Some unpredicted 
slippages occurred due to the “creep” effect that was also noticed during 
Experiment 2. 
 
Table 10.3 Results for proportional slippage control strategy 
Object lifting 
attempt 
number 
Unpredicted 
slippage 
Unpredicted 
slippage due to 
creep 
Slippage 
prevented 
successfully 
1 1 0 0 
2 0 0 1 
3 0 0 1 
4 0 0 1 
5 0 0 1 
6 0 0 1 
7 0 1 0 
8 1 0 0 
9 0 0 1 
10 0 1 0 
Total 2 2 6 
 
The slippage control program developed for the Moacon controller and used 
for to perform Experiment 3 is presented in Appendix I. 
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Methodology for Experiment 4: 
This experiment was conducted using the same hardware, methodology and 
constraints as in Experiment 3 above, except that the performance of a 
modified version of the slippage control strategy during initial object lifting 
was compared to the performance of the slippage control strategy during initial 
object lifting used in Experiments 1, 2 and 3. 
To improve the initial grasp-lift time and the overall reaction to slippage, a 
rate-based grasp force control strategy was used as a replacement for equation 
10.6. From equation 6-1 we know that the grasp force application rate is 
proportional to the grasp force error (i.e. the grasp force at which slippage 
stops minus the actual grasp force applied). The actual grasp force error is 
unknown, but according to equation 6-2 the grasp force error is proportional to 
roller rotation speed. It follows from equations 6-1 and 6-2 that the rate of 
grasp force application should be proportional to the roller rotation speed, as 
stated in equation 6-3. 
When slippage is detected, ܹܲܯଵ is increased proportionally to the roller 
rotation speed. 
ܹܲܯଵ೙೐ೢ ൌ ܹܲܯଵ ൅ ݇ݏ                  ሺͳͲǤ͹ሻ 
Where ݇ is a gain constant and ݏ is the slippage rate within a control loop cycle 
(e.g. number of encoder pulses in 200 ms).  
This rate-based slippage control approach is possible because the rate of 
slippage is readily available as encoder pulses that are proportional to roller 
rotation speed.  
As a result of grasp force application proportionally to roller rotation speed, 
slippage can be stopped faster. 
 
Results and Discussion for Experiment 4: 
Ten object manipulation sequences were executed and the results were 
recorded with the intent to compare the performance of the slippage control 
strategy during initial object lifting, based on Equation 10.7, with the 
performance of slippage control strategy during initial object lifting based on 
equation 10.6. The slippage control results obtained after initial object lifting 
were similar to those for Experiment 3. The difference between Experiment 3 
and Experiment 4 is in the rate at which the grasp force is applied during the 
initial object lifting, and as a result the time taken to stop slippage. 
 
Figures 10.37 to 10.42 show the grasp force, tangential force and slippage 
signals recorded during experimentation based on this new slippage control 
strategy. The grasp force (top) signal is increasing proportionally to slippage 
rate during initial object lifting.  
To help improve manipulation dexterity, the slippage rate gain ݇ can be chosen 
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such as to achieve an optimum slippage stopping time that is directly related to 
the object manipulation speed. 
 
 
Figure 10.37 Slippage control during lifting based on slippage rate  
 
 
Figure 10.38 Slippage control during lifting based on slippage rate  
 
 
Figure 10.39 Slippage control during lifting based on slippage rate  
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Figure 10.40 Slippage control during lifting based on slippage rate  
 
 
Figure 10.41 Slippage control during lifting based on slippage rate  
 
 
Figure 10.42 Slippage control during lifting based on slippage rate  
 
Table 10.4 summarises the results for Experiment 4 that uses slippage rate 
based grasp force control during initial object lifting and proportional grasp 
force control thereafter. 
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Table 10.4 Object manipulation results for Experiment 4 
Object lifting 
attempt 
number 
Unpredicted 
slippage 
Unpredicted 
slippage due to 
creep 
Slippage 
prevented 
successfully 
1 0 0 1 
2 0 0 1 
3 1 0 0 
4 0 0 1 
5 0 0 1 
6 0 0 1 
7 0 1 0 
8 0 0 1 
9 1 0 0 
10 0 0 1 
Total 2 1 7 
 
The slippage control program developed for the Moacon controller and used to 
perform Experiment 4 is presented in Appendix J. 
The proportional grasp force control strategy does not require a logic function 
in the controller to monitor the direction of tangential force changes relative to 
the robot arm movement direction to predict potential slippage as is necessary 
with sensor fusion; it is done naturally by the dynamic component of the grasp 
force control equation. However this controller is still a reactive controller 
whose slippage prevention success depends on the lag between the change in 
the tangential force and the grasp force change reaction time. 
This proportional controller could be further modified to add a derivative term 
to the controller and obtain a “proportional plus derivative” (PD) controller. 
This would allow the controller to react to the rate of change in the tangential 
force ܨ௧, which could potentially improve its slippage prevention performance 
and make it comparable to the sensor fusion slippage prevention strategy. 
The Timer Event in the Moacon controller is used as a pseudo parallel thread to 
execute the slippage control function because the controller is not capable of 
multitasking. The behaviour of the Moacon controller is affected by the size of 
the code in the Timer Even and the frequency with which the Timer Event is 
called. This causes the controller to behave unpredictably, such as not 
executing a full commanded move before starting the next move. Apart from 
this shortcoming, the controller is very flexible because it allows control to be 
developed in the C language. In the setup used for these experiments the 
instantaneous controller task was executed in a 200 ms Timer Event. A 10 ms 
control loop for the instantaneous controller would have been more effective. 
The grasp force control strategies presented in this chapter allow the object 
manipulator to establish and maintain the required grasp forces autonomously 
and only require an initial calibration of input parameters to allow correct 
conversion of sensor data. 
Industrial robots are equipped with torque sensing joints (that also sense 
tangential force) to which heavy robot grippers are attached. When torque 
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sensing is built into the roller support shaft, the torque sensitivity is higher and 
more responsive, due to the fact that the weight of the gripper itself is bypassed 
and only the weight of the object has relevant influence on the torque sensed by 
the roller support shaft.  
The developed device proved to be rugged and reliable during experimentation, 
mainly due to the fact that slippage is detected reliably as incremental encoder 
pulses and the tangential force at the gripper is simply sensed as torque. No 
complex computation is required to generate these two vital parameters for 
slippage prevention and control. 
The overall performance of the final gripper prototype is better than that of an 
industrial parallel gripper with grasp force sensing alone, because a gripper 
without slippage and tangential force sensing has no means for autonomous 
determination and maintenance of adequate grasp forces. 
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11. Conclusion 
Industrial-grade object slippage detection for robotic object manipulation 
continues to be a challenge due to the need to develop sensors that: 
x Can detect object slippage in the gripper even under large grasp forces; 
x Are robust against overloads, damage and background noise; 
x Are reliable; 
x Are a low cost technology and therefore affordable. 
This thesis proposes a friction-based slippage detection solution that offers 
these benefits including readily customisable sensitivity and load-bearing 
capacity. The results obtained for each of the research objectives are 
summarised below. 
 
Objective 1: Develop a reliable object slippage sensing device 
A friction-based slippage sensing device has been developed as follows.  
x The mathematical model for friction-based slippage sensing and the 
first prototype have been developed for proof-of-concept 
experimentation (chapter 6); 
x A friction-based slippage sensing final prototype has been developed, 
and slippage sensing performance experiments have been conducted 
(chapter 10). 
 This slippage sensing concept is simple in design, but provides a solution to 
object slippage prevention that has proven to be a serious challenge in robotics. 
A basic parallel gripper, as described in this thesis, can be manufactured with 
customised rollers of various materials such as ceramic for high temperature 
applications. The friction surfaces can be coated with various coatings to 
achieve desired coefficients of friction and slippage detection sensitivity. This 
concept facilitates customization of grippers with slippage detection capability 
for many challenging applications.   
Inherent sensing and derived sensing are two distinct methods by which 
slippage information can be acquired from sensors. The main advantage of this 
slippage sensing method is that slippage sensing is an inherent capability of the 
sensing device, not a derived capability like that of sensors based on vibration. 
While vibration could come from many sources and potentially confuse 
vibration-based slippage detection sensors, the friction-based slippage 
detection is reliable because no complex computations and assumptions are 
necessary; relative movement between the roller and the shaft simply means 
that slippage is taking place. 
The slippage sensing element also incorporates tangential (shear) force sensing 
capability that aids slippage prevention by facilitating slippage prediction. 
The main weakness of this slippage detection element design is that it detects 
slippage and tangential force in only one axis. Further work is needed to add 
slippage detection capability in other axes. 
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Objective 2: Develop strategies to improve gripper robustness against 
slippage 
The strategy to improve gripper robustness against slippage has been 
developed and includes the following features: 
x By design, slippage begins at the roller-shaft interface of the developed 
slippage sensing device. This results in inherent robustness against 
slippage because there is no slippage at the roller-object interface, 
which allows the manipulation controller to increase the grasp force and 
stop slippage at the roller-object interface before slippage could take 
place (chapter 6); 
x The coefficient of friction at the sensing interface (i.e. shaft-roller 
interface) is known in advance. This allows fast grasp force estimation 
for objects with known mass but uncertain coefficient of friction; 
x The slippage sensing device can be designed such that the roller will 
always rotate on the shaft when the grasp force on the object is not 
sufficient. The amount of roller rotation, and therefore the amount of 
slippage will be known. This allows the manipulation controller to 
decide whether the detected slippage is acceptable (and compensate for 
it) or whether manipulation should be aborted (chapter 6); 
x A grasping strategy for parallel grippers to maximise resistance to 
object slippage by increasing resistance to object rotation in the gripper 
has also been proposed. This grasping strategy is also applicable to 
other gripper types including multi-finger humanoid hands (chapter 7);  
x A sensor fusion slippage detection strategy that uses slippage and 
tangential force feedback to predict potential slippage, detect actual 
slippage and prevent false slippage events from being triggered has 
been developed (chapter 8); 
x Tangential force sensing was added to the slippage sensing element to 
facilitate potential slippage detection, which adds predictive slippage 
detection capability to the developed device (chapter 10); 
 
An industrial robot fitted with object weight sensing (via a robot wrist force 
sensor) and a parallel gripper equipped with grasp force would offer better 
robustness against slippage than when using a gripper equipped only with 
grasp force sensing. However, it would not perform as well as the gripper 
prototype proposed in this thesis that is able to sense grasp force, tangential 
force and slippage. This evaluation is based on the experimental results 
obtained in section 3.2. Based on those results, a three-sensor slippage control 
setup with dedicated sensors for grasp force, tangential force and slippage 
offers superior robustness against slippage to any two-sensor combination that 
relies on a “virtual“ third sensor that can be implied (where possible) from the 
behaviour of the two available physical sensors. 
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Objective 3: Develop a simple manipulation control framework 
architecture that would enhance the basic performance of the developed 
object slippage sensing device 
A simple control framework architecture has also been developed to help 
enhance the basic slippage sensing functionality of the developed slippage 
sensing device, by facilitating the addition of “intelligent” behaviour to 
slippage detection. Improved slippage sensing device performance was 
obtained when slippage detection based on sensor fusion and instinctive control 
behaviour for fast reaction to slippage were added to the controller framework 
(chapter 8 and 10).  
Knowledge of factors with most significant influence on object grasping and 
manipulation (chapter 5) can be added to the framework’s decision maker in 
the form of predefined grasping and manipulation rules to equip the object 
manipulation controller with intelligent behaviour that results in visibly 
improved grasp decisions over otherwise uninformed pick-and-place decisions. 
 
Last but not least, it may be useful to state that several other versions of 
hardware and software prototypes, apart from those presented in this thesis, 
have been produced and tried. However, for clarity reasons only those 
prototypes that best describe the proposed designs have been presented. Upon 
request, a short summary of all work done is presented below to help visualise 
the progression of thinking during the project. 
1. Initially slippage detection was attempted using a commercial 
pneumatic gripper and various of-the-shelf force sensors. This was 
mostly unsuccessful because it was difficult to detect tangential forces 
(and slippage) reliably. Also, it was difficult (and expensive) to achieve 
fast and accurate grasp force control using the pneumatic gripper. 
2. The next set of attempts was to use a tensile force sensor to sense 
tangential forces. The final setup used is detailed in section 3.2. This 
was somewhat successful; however the tangential force could only be 
sensed indirectly by attaching the whole gripper to the tensile force 
sensor. This in turn reduced the responsiveness of the sensor due to the 
inertia of the additional mass attached. 
3. The initial gripper was designed with rollers on cantilever shafts, as 
pictured in section 3.2. This worked well for light objects but rollers 
deflected when heavier objects were grasped. 
4. The design was changed such that the roller support shaft is supported 
at both ends. This eliminates the shaft deflection issue and allows 
reliable grasping of all object weights in the gripper’s force range. 
5. Various materials were tried for roller and shaft manufacturing. The 
preferred materials were those with higher coefficients of friction as 
they minimized the required grasp force to stop slippage. 
6. Mechanical compliance in the form of rubber O-rings was also found to 
be useful as it compensates for misalignment between the gripper jaws, 
especially when grasping rigid object with parallel faces.  
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12. Future Work 
There is ample scope for future development in all areas researched in this 
thesis, and especially the developed slippage sensing strategy and manipulation 
control areas.  
It was noticed during experimentation that the tangential force feedback lost its 
“elasticity” after slippage stopped. This is due to the design of the slippage 
sensing element (Figure 9.3) where steel plain bearings were used instead of 
roller bearings to increase the weight holding capacity of the weak electric 
parallel gripper. As a result, after slippage stops the tangential force sensitivity 
is reduced as shown in Figure 12.1. This issue is a candidate for design 
improvement to ensure that the roller transmits the full torque to the torque 
sensor at all times, and hysteresis associated with stray friction is reduced to 
insignificant levels. 
 
Figure 12.1 Example of reduced tangential force (torque) sensing “elasticity”  that 
results in hysteresis due to stray friction (after slippage stops) 
It was also noticed during experimentation that a “slippage creep” effect was 
taking place due to small slippage accumulation over time, which resulted in 
slippage events being triggered but not being predicted by the sensor fusion 
slippage detection strategy. The slippage creep effect is another candidate for 
improvement to ensure that all slippage events can be predicted. 
Further investigation could be done to determine whether the signal from the 
already available torque sensor could be used to detect incipient slippage by 
using signal processing techniques such as DFT (discrete Fourier transform) to 
detect high frequency changes in the torque signal (tangential force). High 
frequency changes in the torque signal are anticipated to take place during 
incipient slippage when the two friction surfaces (i.e. roller on its support shaft) 
begin to creep (move) relative to each other, resulting in rapid stick-slip 
motion. This could be used to further enhance the slippage prevention 
capability of the developed device. 
The developed slippage sensing device has nowhere-near the ability of a 
human hand, but it is still a practical solution that could be applied to many 
industrial uses such as material transfer and assembly operations. When 
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combined in pairs at 90 degrees to each other, as shown in Figure 12.2, a more 
useful range of slippage and tangential force sensing could be achieved. 
 
Figure 12.2 Concept gripper that can detect translation along X and Y axes and 
rotation around X, Y and Z axes 
Such a design forms a parallel gripper that senses tangential forces along X and 
Y axes and torque around X, Y and Z axes. This sensing element arrangement 
also benefits from the “effective torque radius” and the “pad” concepts 
(discussed in section 6.3) due to the orientation and distribution of the sensing 
elements. However this increases the complexity and therefore the overall cost 
of the gripper.  
Grasp force sensing in this gripper concept could be achieved by mounting 
strain gauges on roller support shaft to sense the grasp force applied to an 
object.  
Other combinations of sensing elements are also possible and could be used to 
develop multi-jaw grippers or grippers with articulated fingers as illustrated in 
Figure 12.3. 
 
Figure 12.3 Concept gripper with articulated fingers 
Each module of the developed control framework can be enhanced with 
advanced capabilities that would boost its intelligent behaviour; in particular 
the control framework would benefit from advanced learning strategies that 
would make it possible to extract useful information from its successes and 
failures. 
An improved method for fast object grasping complexity estimation (section 5) 
before attempting to grasp the object would also be very desirable; it would 
contribute to better generic object manipulation dexterity and reliability.  
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13.    APPENDIX A: ENGINEERING DRAWINGS OF 
SENSING DEVICE COMPONENTS USED IN SECTION 6.3 
 
Figure 13.1 Jaw 
 
 
Figure 13.2 Gripper support 
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Figure 13.3 Shaft 1 
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Figure 13.4 Roller 
 
 
Figure 13.5 Shaft 2 
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14. Appendix B: Engineering drawings for final version of slippage 
sensing device components 
 
Figure 14.1 Jaw (support) 
 
 
Figure 14.2 Shaft (roller support shaft) – for torque sensing element 
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Figure 14.3 Roller 
 
 
Figure 14.4 Torque pin 
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Figure 14.5 Shaft 2 (roller support shaft) – for slippage sensing element 
 
 
Figure 14.6 Encoder mounting bracket 
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Figure 14.7 Plain bearing used for the torque sensing element  
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15.   APPENDIX C – SPECIFICATIONS FOR DEVICES USED 
IN EXPERIMENTS 
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SW – L23I2 and SW – L9R92 amplifier specifications 
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Basic specification for QFCT – 2 – 350 -11 strain gauge  
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Nemicon 18S-500-2MC-2-15-00E incremental encoder specification 
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Basler acA1300-30gс vision camera  
Resolution 
(H x V pixels)  
1294 px x 964 px 
Pixel Size 
horizontal/vertical 
3.75 μm x 3.75 μm 
Frame Rate  30 fps 
Mono/Color  Color 
Interface  GigE 
Video Output 
Format  
Mono 8, Bayer BG 8, Bayer BG 12, Bayer BG 12 Packed, 
YUV 4:2:2 Packed, YUV 4:2:2 (YUYV) Packed 
Pixel Bit Depth  12 bits 
Exposure Control  
x programmable via the camera API 
x external trigger signal 
Synchronization  
x external trigger 
x free-run 
x Ethernet connection 
Housing  box 
Quantum 
Efficiency – blue 
(typical)  
2,52 % (at 545 nm) 
Quantum 
Efficiency – green 
(typical)  
42,36 % (at 545 nm) 
Quantum 
Efficiency – red 
(typical)  
1,97 % (at 545 nm) 
Dark Noise 
(typical)  
9,7 e¯ 
Saturation 
Capacity (typical)  
7 ke¯ 
Dynamic Range 
(typical)  
57,2 dB 
Signal to Noise 
Ratio  
38,4 dB 
Housing Size (L x 
W x H) in mm  
42.0 x 29.0 x 29.0 
Housing 
Temperature  
0 °C - 50 °C 
Lens Mount  
x C-mount 
x CS-mount 
Digital Input  1 
Digital Output  1 
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Power 
Requirements  
PoE or 12 VDC 
Power 
Consumption 
(typical)  
2.2 W 
Power 
Consumption PoE 
2.5 W 
Weight (typical)  90 g 
Conformity  
x CE 
x RoHS 
x GenICam 
x GigE Vision 
x IP30 
x UL 
x FCC 
x IEEE 802.3af (PoE) 
Sensor Vendor  Sony 
Sensor  ICX445 
Shutter  global shutter 
Max. Image 
Circle  
1/3 inch 
Sensor Type  CCD 
Sensor Size (mm)  4.86 mm x 3.62 mm 
Order Number  104846 
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BioTac sensor – basic specifications 
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BioTac SP sensor – basic specifications 
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NumaTac sensor – basic specifications 
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16.    APPENDIX D – TEFLONTM PTFE (PARTIAL) 
SPECIFICATIONS 
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17.    APPENDIX E: C# PROGRAM FOR VISION SYSTEM 
The software listed below sets up the Baesler acA-1300-30gc vision camera 
(1296 x 966 pixels, 3.75 μm pixel height and width) under the control of the 
commercial PylonC.Net vision camera driver, and then uses the AForge open 
source library to find a Blob (i.e. an object in the field of view of the camera). 
It then uses the Blob object to determine its shape (circle or rectangle), size 
(top view of object), location and orientation. The software then sends this 
information via an RS232 communication link to the Moacon controller that 
runs the Decision Maker that directs the XYZ+R Cartesian robot to grasp and 
move the object to a new location, if the object is within reach.  
/* 
 * Created by SharpDevelop. 
 * User: PD 
 * Date: 30/08/2013 
 * Time: 9:23 PM 
 *  
 * To change this template use Tools | Options | Coding | Edit Standard Headers. 
 */ 
using System; 
using System.Collections.Generic; 
using System.ComponentModel; 
using System.Drawing; 
using System.Drawing.Imaging; 
using System.IO.Ports; 
using System.Linq; 
using System.Runtime.InteropServices; 
using System.Threading; 
using System.Windows.Forms; 
 
using AForge; 
using AForge.Imaging; 
using AForge.Math.Geometry; 
using PylonC.NET; 
 
namespace RobotXYZR 
{ 
    /// <summary> 
    /// Description of MainForm. 
    /// </summary> 
    public partial class MainForm : Form 
    { 
        private BlobCounter blobCounter = new BlobCounter(); 
        private SimpleShapeChecker shapeChecker = new SimpleShapeChecker(); 
        private PYLON_DEVICE_HANDLE hDev = new PYLON_DEVICE_HANDLE(); // 
Handle for the pylon device. 
        private PylonBuffer<Byte> imgBuf = null;  // Buffer used for grabbing images from 
camera. 
        private PylonGrabResult_t grabResult = null; 
        private Blob[] blobs; 
        private    SerialPort ComPort1 
= new SerialPort("COM17", 115200, Parity.None, 8, StopBits.One); 
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        private Bitmap bitmapPic 
= new Bitmap(width, height, System.Drawing.Imaging.PixelFormat.Format32bppRgb); 
        private Bitmap bmap = new Bitmap(width, height, PixelFormat.Format32bppRgb); 
        private Pen bluePen = new Pen(Color.Aqua, 2);         
        private string RxString; 
        private const int width = 700; //image width 
        private const int height = 700; //image height 
        private const float pixelsPerMM = 4.38f; 
        private const int numGrabs = 1; // Number of images to grab 
        private const float errorRadius = 0.60f; 
        private const float allowedDistorsion = 0.05f; 
        private const float stepsPerDeg = 0.556f; //steps per degree 
        private const float pi = 3.141f; 
        private int thresHold = 160; //threshold level 
        private int[] colourData = new int[width * height]; 
        private int[] blackAndWhitePic = new int[width * height]; 
        //private int[] blobArea = new int[31]; 
        private int objPosX = 0; 
        private int objPosY = 0; 
        private int objectRotation = 0; //CCW from horizontal 
        private int objectWidth = 0; 
        private int sideA = 0; //Object side A 
        private int sideB = 0; //Object side B 
        private uint numDevices = 0;    // Number of available cameras 
        private float objOrient = 0; //degrees * 2000/360 
        private bool runEnabled; 
        private bool findObjectMan = false; 
        private bool findObjectAuto = false; 
         
         
        public MainForm() 
        { 
            // 
            // The InitializeComponent() call is required for Windows Forms designer support. 
            // 
            InitializeComponent(); 
             
#if DEBUG 
            // This is a special debug setting needed only for GigE cameras. 
            //See 'Building Applications with pylon' in the Programmer's Guide. 
            Environment.SetEnvironmentVariable("PYLON_GIGE_HEARTBEAT", "300000" /
*ms*/); 
#endif 
             
            blobCounter.FilterBlobs = true; 
            blobCounter.MinHeight = 200; 
            blobCounter.MinWidth = 200; 
            //blobCounter.MaxHeight = 1000; 
            //blobCounter.MaxWidth = 1000; 
 
            runEnabled = true; 
             
            ThreadPool.SetMinThreads(20, 20); 
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            // Enable progress reporting 
            backgroundWorker1.WorkerReportsProgress = true; 
             
            // Hook up event handlers 
            backgroundWorker1.DoWork += BackgroundWorker1DoWork; 
            //backgroundWorker1.RunWorkerCompleted += 
BackgroundWorker1RunWorkerCompleted; 
            backgroundWorker1.ProgressChanged += BackgroundWorker1ProgressChanged; 
            backgroundWorker1.RunWorkerAsync(); 
             
            backgroundWorker2.DoWork += BackgroundWorker2DoWork; 
            backgroundWorker2.RunWorkerAsync(); 
             
             
            Thread.Sleep(100); 
        } 
                 
        private void BackgroundWorker1DoWork(object sender, DoWorkEventArgs e) 
        { 
            while (runEnabled) 
            { 
                try 
                { 
                    if (numDevices != 1) 
                    { 
                        // Before using any pylon methods, the pylon runtime must be initialized. 
                        Pylon.Initialize(); 
 
                        // Enumerate all camera devices. You must call  
                        //PylonEnumerateDevices() before creating a device. 
                        numDevices = Pylon.EnumerateDevices(); 
 
                        if (hDev.IsValid == false) 
                        { 
                            // Get a handle for the first device found. 
                            hDev = Pylon.CreateDeviceByIndex(0); 
                        } 
 
                        if (numDevices == 1) 
                        { 
                            // Before using the device, it must be opened. Open it for configuring 
                            //parameters and for grabbing images. 
                            Pylon.DeviceOpen(hDev, Pylon.cPylonAccessModeControl | Pylon.cPylonA
ccessModeStream); 
                        } 
 
                        //Set camera parameters - user to check that camera has these parameters 
                        Pylon.DeviceFeatureFromString(hDev, "PixelFormat", "Mono8"); //900 x 
900, X-offset = 196, Y-offset = 32 
                        Pylon.DeviceFeatureFromString(hDev, "TriggerSelector", "AcquisitionStart")
; 
                        Pylon.DeviceFeatureFromString(hDev, "TriggerMode", "Off"); 
                        Pylon.DeviceFeatureFromString(hDev, "TriggerSelector", "FrameStart"); 
                        Pylon.DeviceFeatureFromString(hDev, "TriggerMode", "Off"); 
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                        Pylon.DeviceFeatureFromString(hDev, "UserSetSelector", "UserSet1"); 
                        Pylon.DeviceExecuteCommandFeature(hDev, "UserSetLoad"); 
 
                        Pylon.DeviceSetIntegerFeature(hDev, "GevSCPSPacketSize", 1500); //This 
can be higher if supported by camera 
                    } 
 
                    if (findObjectMan == true || findObjectAuto == true) 
                    { 
                        int c = 1; 
 
                        // Grab some images in a loop. 
                        for (int i = 0; i < numGrabs; ++i) 
                        { 
                            // Grab one single frame from stream channel 0.  
                            // The camera is set to "single frame" acquisition mode. 
                            // Wait up to 500 ms for the image to be grabbed.  
                            // If imgBuf is null a buffer is automatically created with the right size. 
                            if (!Pylon.DeviceGrabSingleFrame(hDev, 0, ref imgBuf, out grabResult, 50
0)) 
                            { 
                                // Timeout occurred. 
                                throw new Exception("Timeout occurred"); 
                            } 
 
                            // Check to see if the image was grabbed successfully. 
                            if (grabResult.Status == EPylonGrabStatus.Grabbed) 
                            { 
                                blackAndWhitePic = GrayToBW(imgBuf.Array); 
                                bitmapPic = getBitmap(blackAndWhitePic); 
                                blobs = FindBlobs(bitmapPic); 
                                 
                                LocateObject(bitmapPic); 
 
                                // Report progress. 
                                backgroundWorker1.ReportProgress(c, c); 
                            } 
                        } 
 
                        findObjectMan = false; 
                        findObjectAuto = false; 
                    } 
                } 
 
                catch 
                { 
                    runEnabled = false; 
                    MessageBox.Show("Error. Check connections then restart this application"); 
                } 
                 
                Thread.Sleep(10); 
            } 
        } 
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        private void BackgroundWorker1ProgressChanged(object sender, ProgressChangedE
ventArgs e) 
        { 
            pictureBox1.Refresh(); 
        } 
 
 
        //Gray to Black and White         
        private int[] GrayToBW(byte[] imgBuf) 
        { 
            int index = 0; 
 
            for (int x = 0; x < imgBuf.Length - 2; x++) 
            { 
                int grayColour = (int)(imgBuf[index]); //the gray scale value 
 
                if (grayColour > thresHold) 
                { 
                    //set pixels to max value - Black 
                    colourData[index + 0] = 0; 
                } 
 
                else 
                { 
                    //set pixels to min value - White 
                    colourData[index + 0] = 100000000; //2147483647 
                } 
 
                index = index + 1; 
            } 
 
            return colourData; 
        } 
 
 
        private Bitmap getBitmap(int[] bitmapPic2) 
        { 
            BitmapData bmapdata = 
bmap.LockBits(new Rectangle(0, 0, bmap.Width, bmap.Height), ImageLockMode.WriteOnly
, bmap.PixelFormat); 
            Marshal.Copy(bitmapPic2, 0, bmapdata.Scan0, bitmapPic2.Length); 
            bmap.UnlockBits(bmapdata); 
            return bmap; 
        } 
 
 
        // Find blobs 
        private Blob[] FindBlobs(Bitmap picFromCam2) 
        { 
            blobCounter.ProcessImage(picFromCam2); 
            blobs = blobCounter.GetObjectsInformation(); 
            return blobs; 
        } 
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        // Convert list of AForge.NET points to array of .NET points 
        private System.Drawing.Point[] ToPointsArray( List<IntPoint> points ) 
        { 
            System.Drawing.Point[] array = new System.Drawing.Point[points.Count]; 
 
            for ( int i = 0, n = points.Count; i < n; i++ ) 
            { 
                array[i] = new System.Drawing.Point( points[i].X, points[i].Y ); 
            } 
 
            return array; 
        } 
 
 
        public void LocateObject(Bitmap bmp) 
        { 
            shapeChecker.RelativeDistortionLimit = allowedDistorsion; //set distortion limit 
            AForge.Point center; 
            float radius; 
 
            // Find shapes and draw to screen 
            using (var graphics = Graphics.FromImage(bmp)) 
            { 
                if (blobs.Length > 0) 
                { 
                    List<IntPoint> edgePoints = blobCounter.GetBlobsEdgePoints(blobs[0]); 
                    List<IntPoint> corners = PointsCloud.FindQuadrilateralCorners( edgePoints ); 
 
                    // is circle ? 
                    if (shapeChecker.IsCircle(edgePoints, out center, out radius)) 
                    { 
                        graphics.DrawEllipse(bluePen, (float)(center.X - radius), (float)(center.Y - 
  radius), (float)(radius * 2), (float)(radius * 2)); 
 
                        objPosX = (int)((blobs[0].CenterOfGravity.X - 350) / pixelsPerMM); //mm 
                        objPosY = 350 - (int)(blobs[0].CenterOfGravity.Y - 350 / pixelsPerMM); //mm 
                        objectWidth = (int)((radius * 2) / pixelsPerMM); //mm 
                        objectRotation = 0; //steps 
                    } 
 
                    //is rectangle? 
                    else if(shapeChecker.IsQuadrilateral(edgePoints, out corners)) 
                    { 
                        graphics.DrawPolygon(bluePen, ToPointsArray( corners )); 
                         
                        float corner0X = corners[0].X; 
                        float corner0Y = corners[0].Y; 
                        float corner1X = corners[1].X; 
                        float corner1Y = corners[1].Y; 
                        float corner2X = corners[2].X; 
                        float corner2Y = corners[2].Y; 
                        float corner3X = corners[3].X; 
                        float corner3Y = corners[3].Y; 
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                        objPosX = (int)((blobs[0].CenterOfGravity.X -350)/ pixelsPerMM); //mm 
                        objPosY = 63 - ((int)((blobs[0].CenterOfGravity.Y -
 350) / pixelsPerMM)); //mm 
                        int B = ((corners[1].X - corners[0].X)*(corners[1].X -
 corners[0].X)) + ((corners[0].Y - corners[1].Y)*(corners[0].Y - corners[1].Y)); 
                        int A = ((corners[2].X - corners[1].X)*(corners[2].X -
 corners[1].X)) + ((corners[2].Y - corners[1].Y)*(corners[2].Y - corners[1].Y)); 
                        sideA = (int)(Math.Sqrt(A)/pixelsPerMM); //mm 
                        sideB = (int)(Math.Sqrt(B)/pixelsPerMM); //mm 
                                                 
                        if(sideA > sideB || sideA == sideB) 
                        { 
                            objectWidth = sideB; 
                            objOrient = Math.Abs((float)(((Math.Atan((corner0Y-corner1Y) /(corner1X-
corner0X)))*180)/pi)); //to approximate degrees 
                            objectRotation = (int)(0 + (stepsPerDeg * objOrient)); //i.e. 1.8 steps per deg 
* objOrient degrees 
                        } 
                         
                        else 
                        { 
                            objectWidth = sideA; 
                            objOrient = Math.Abs((float)(((Math.Atan((corner2Y-corner1Y) /(corner2X-
corner1X)))*180)/pi)); //to approximate degrees 
                            objectRotation = (int)(0 - (stepsPerDeg * objOrient)); //i.e. 1.8 steps per deg 
* objOrient degrees 
                        } 
                    } 
                     
                    else 
                    { 
                        objPosX = 0; 
                        objPosY = 0; 
                        objectWidth = 0; 
                        objectRotation = 0; 
                    } 
 
                    graphics.DrawLine(bluePen, (center.X -
 10), (center.Y), (center.X + 10), (center.Y)); //position cross 
                    graphics.DrawLine(bluePen, (center.X), (center.Y -
 10), (center.X), (center.Y + 10)); //position cross 
                } 
 
                else 
                { 
                    objPosX = 0; 
                    objPosY = 0; 
                    objectWidth = 0; 
                    objectRotation = 0; 
                } 
            } 
        } 
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        private void PictureBox1Paint(object sender, PaintEventArgs e) 
        { 
            e.Graphics.DrawImage(bitmapPic, 0, 0, width, height); 
            label1.Text = System.String.Format("X {0,4:0}", objPosX); 
            label2.Text = System.String.Format("Y {0,4:0}", objPosY); 
            label3.Text = System.String.Format("R {0,4:0}", objectRotation); 
            label4.Text = System.String.Format("W {0,4:0}", objectWidth); 
        } 
         
         
        private void BackgroundWorker2DoWork(object sender, DoWorkEventArgs e) 
        { 
            ComPort1.ReadBufferSize = 64; 
            ComPort1.WriteBufferSize = 64; 
            //ComPort1.DataReceived += ComPort1_DataReceived; 
             
             
            while (runEnabled) 
            {     
                if (!(ComPort1.IsOpen)) ComPort1.Open();                 
                else 
                { 
                    //send object location 
                    ComPort1.DiscardOutBuffer(); 
                    //steps per mm 400, 400, 2000/360 deg 
                    ComPort1.Write(String.Format("{0} {1} {2} {3} {4}\r\n",  
objPosX, objPosY, objectRotation, objectWidth)); 
                    ComPort1.DiscardOutBuffer(); 
                } 
                 
                Thread.Sleep(10); 
            } 
             
            if(ComPort1.IsOpen == true) ComPort1.Close(); 
        } 
         
         
        private void ComPort1_DataReceived(object sender, System.IO.Ports.SerialDataReceiv
edEventArgs e) 
        { 
            while (ComPort1.BytesToRead > 0) 
            { 
                // Buffer string data 
                RxString += ComPort1.ReadExisting(); 
                if(RxString == "1") 
                { 
                    findObjectAuto = true; 
                    RxString = "0"; 
                } 
            } 
            ComPort1.DiscardInBuffer(); 
        } 
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        private void MainFormFormClosing(object sender, FormClosingEventArgs e) 
        { 
            runEnabled = false; 
            findObjectMan = false; 
            bluePen.Dispose(); 
            bitmapPic.Dispose(); 
            bmap.Dispose(); 
 
            // Release the buffer. 
            if (imgBuf != null) 
            { 
                // Free memory for grabbing. 
                imgBuf.Dispose(); 
                imgBuf = null; 
            } 
 
            // Clean up. Close and release the pylon device. 
            if (hDev != null) 
            { 
                if (hDev.IsValid == true) 
                { 
                    Pylon.DeviceClose(hDev); 
                    Pylon.DestroyDevice(hDev); 
                } 
            } 
 
            // Shut down the pylon runtime system.  
            Pylon.Terminate(); 
        } 
         
        private void Button1Click(object sender, EventArgs e) 
        { 
            if (findObjectMan == false) //start image acquisition if image not being processed 
            { 
                findObjectMan = true; 
            } 
        } 
    } 
} 
 
  
 Page 222 of 240 
 
18. Appendix F: Motion Controller program for the Moacon 
controller 
This C program performs the functions of a simple Motion Controller. It 
directs the XYZ+R robot to search for an object using the vision camera until it 
is found (program Step 0). The robot is then directed to pick the object 
(program Step 1) based on information from the vision system. Additional 
control program steps can then be written to manipulate the object in some 
desirable way, such as moving and releasing the object at a new location. 
#include "moacon500.h" 
char command[12]; //Command word from PC containing object position, orientation  
char Xp[3]; 
u32 Xpos = 2000;  // object X pos 
char Yp[3]; 
u32 Ypos = 2000;  // object Y pos 
char Rp[3]; 
u32 Rpos = 50;  // object R pos 
u32 Zpos = 30000;  // object Z pos 
char Wdth[3]; 
u32 Width = 0;  // object Width 
char StartMove;  //Command to start robot move 
u8 Search = 0;  //Command to start search for object 
u8 Step = 0;  //program step 
u32 X_ActualPos = 0; 
u32 Y_ActualPos = 0; 
u16 EncoderCnt = 0; //Encoder count 
u32 pulseCount1 = 0; //X axis pulse count 
u32 pulseCount2 = 0; //Y axis pulse count 
u32 pulseCount3 = 0; //Z axis pulse count 
u32 pulseCount4 = 0; //R axis pulse count 
u16 duty = 500; //Gripper motor duty cycle 
 
void cmain(void){ 
motorSetup(0, 0, 500, 3000, 1000);  //Initialize the X motor 
motorSetup(0, 1, 500, 3000, 1000);  //Initialize Y the motor 
motorSetup(1, 0, 2000, 20000, 5000);  //Initialize Z the motor 
motorSetup(1, 1, 500, 500, 500);  //Initialize R the motor 
setMotorPos(0,0,0);  //Initialize X motor position 
setMotorPos(0,1,0);  //Initialize Y motor position 
setMotorPos(1,0,0);  //Initialize Z motor position 
setMotorPos(1,1,0  //Initialize R motor position 
portInit(0,1);  //Moacon controller inputs 
portInit(1,0);  // Moacon controller outputs 
countMode(0,1);  //Set channel 0 to function as an encoder counter 
openCom(0, 57600, com8N1); //Start communication with vision system processor 
 
while (1) 
{ 
//Object XY location, orientation R and object Width received from vision processor 
if(comLen(0) > 0) 
{ 
 comGets(0, test, 1); 
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 printf("%d\r\n", atoi(test)); 
 comGets(0, command, 12); 
Xp[0] = command[0]; Xp[1] = command[1]; Xp[2] = command[2]; Xpos = (atoi(Xp))*10; 
Yp[0] = command[3]; Yp[1] = command[4]; Yp[2] = command[5]; Ypos = (atoi(Yp))*10; 
Rp[0] = command[6]; Rp[1] = command[7]; Rp[2] = command[8]; Rpos = (atoi(Rp))*10; 
Wdth[0] = command[9]; Wdth[1] = command[10]; Wdth[2] = command[11]; Width = 
(atoi(Wdth))*10; 
comFlush(0); 
} 
 
//Step 0 
if(Step == 0 && (portIn(0)== 1 || Search == 1)) 
{ 
 if(Width > 0) //Object found 
 { 
  Step = 1; //Go and pick up the object 
  Search = 0; 
 } 
 else //Object not found – continue the search 
 { 
  X_ActualPos = getMotorPos(0,0); //Get actual X axis position 
  if(X_ActualPos < 10000) //If X axis is not at end-of-travel 
  { 
   motorMove(0,0,X_ActualPos+1000); //Move to new location 
   pulseCount1 = motorStat(0, 0); //Get X axis remaining move pulses 
   while(pulseCount1 > 0) pulseCount1 = motorStat(0, 0); 
   comPrint(0, "1"); //Ask PC to process another image 
   delay(1000); //Do nothing for x milliseconds 
   Search = 1; //Search for object again 
  } 
 } 
} 
 
//Step 1 
if(Step==1) 
{ 
 duty = 400; 
 pwm(0, duty, 4000); //Set grasp force at 10 % 
 eRelay(14,0); //Open gripper 
 X_ActualPos = getMotorPos(0,0); 
 motorMove(0,0,X_ActualPos + Xpos); //move to object X position 
 pulseCount1 = motorStat(0, 0); 
 while(pulseCount1 > 0)  
 { 
  delay(100); 
  pulseCount1 = motorStat(0, 0); 
 } 
 Y_ActualPos = getMotorPos(0,1); 
 motorMove(0,1,Y_ActualPos + Ypos); //move to object Y position 
 pulseCount2 = motorStat(0, 1); 
 while(pulseCount2 > 0)  
 { 
  delay(100); 
  pulseCount2 = motorStat(0, 1); 
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 } 
 motorMove(1,1,Rpos); //Rotate gripper to match object orientation 
 pulseCount4 = motorStat(1, 1); 
 while(pulseCount4 > 0)  
 { 
  delay(100); 
  pulseCount4 = motorStat(1, 1); 
 } 
 //printf("XYR move done\r\n"); 
 Step = 2; 
} 
 
//If XYR move finished, Step = 2 
if(Step==2) 
... 
... additional program, to manipulate the object in some desirable way, goes here. 
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19.   APPENDIX G: MOACON CONTROLLER PROGRAM 
FOR PERFORMING EXPERIMENT 1 OF CHAPTER 10 
This C program directs the robot to 
x Grasp and lift the object; 
x Increase the grasp force while lifting the object until slippage stops; 
x The gripper is then accelerated down and then up to test slippage; 
x The object is lowered and released; 
x The “simple slippage control strategy” is executed in the Timer Event 
that performs the function of Instinctive Controller (located below the 
main program).  
 
#include "moacon500.h" 
const u32 Zpos = 30000; // object Z pos 
u8 Step = 0; //program step 
u16 EncoderCnt = 0; //Encoder count 
const u32 MotorWaitDel = 100; //Delay during motor position check 
const u32 GripWaitDelay = 1000; //Delay  
u8 MoveZ = 0; 
u16 SlipPulses = 0; 
u16 GraspForce = 400;  
const u16 MaxGraspForce = 3800; 
 
void cmain(void){ 
setMotorPos(1,0,0);         //Initialize Z motor position 
 
countMode(0,1); // Set channel 0 to function as an encoder counter 
 
startTimerEvent(200); //Start Timer event that simulates multitasking 
 
while (1){ 
//Start when input 0 is trigered 
if (Step == 0 && portIn(0)== 1) Step = 1;  
 
//Move Z down at normal acceleration 
if(Step==1) 
{ 
 if(MoveZ == 0) { 
  //Set grasp force and open gripper 
  GraspForce = 400; 
  eRelay(14,0); //Open gripper 
  //Setup Z motor speed/accel 
  motorSetup(1, 0, 1000, 20000, 2000); 
  motorMove(1,0,Zpos); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 2; 
 } 
} 
 
//Close gripper 
if(Step == 2) 
{ 
 eRelay(14,1);  
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 delay(GripWaitDelay); //Wait for gripper to close 
 countReset(0); //Reset encoder count 
 Step = 3; 
} 
 
//Move Z up at normal acceleration 
if(Step == 3) 
{ 
 if(MoveZ == 0) { 
  GraspForce = 400; //Initial grasp force 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 4; 
 } 
} 
 
//Move Z down at max acceleration 
if(Step==4) 
{ 
 if(MoveZ == 0) { 
  //Set max Z motor acceleration 
  motorSetup(1, 0, 10000, 20000, 100000);   
  motorMove(1,0,10000); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 5; 
 } 
} 
 
//Move Z up at max acceleration 
if(Step == 5) 
{ 
 if(MoveZ == 0) { 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 6; 
 } 
} 
 
//Move Z down at normal acceleration 
if(Step == 6) 
{ 
 if(MoveZ == 0) { 
  //Reduce Z motor acceleration 
  motorSetup(1, 0, 2000, 20000, 4000); 
  motorMove(1,0,Zpos); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
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 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 7; 
 } 
} 
 
//Open gripper 
if(Step == 7) 
{ 
 GraspForce = 400; 
 eRelay(14,0); //Open gripper 
 delay(GripWaitDelay); 
 Step = 8; 
} 
 
//Move Z home (UP) at normal acceleration 
if(Step == 8) 
{ 
 if(MoveZ == 0) { 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 0; 
 } 
} 
 
delay(100); 
} 
} 
 
//This timer event is executed at regular intervals. 
//It performs a "simple slippage control" strategy. 
void timerEvent() 
{ 
 SlipPulses = count(0) + 10000; 
 //If slip pulses from gripper encoder detected 
 if(SlipPulses > 10004 || SlipPulses < 9996) //Slip detected 
 { 
  countReset(0); //Reset encoder count 
  if(Step > 2 && Step < 6) 
  {  
   if(GraspForce < MaxGraspForce) 
   { 
    GraspForce = GraspForce + 200; //Increase grasp force
    //printf("Slip detected\r\n"); 
   } 
   else //potentially uncontrollable slippage detected 
   { 
    motorStop(0,0); 
    motorStop(0,1); 
    motorStop(1,0); 
    motorStop(1,1); 
    Step = 0; 
    //printf("Uncontrollable slip\r\n"); 
   } 
  }  
 } 
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 pwm(0, GraspForce, 4000);//Set grasp force PWM 
 //pwm(4, GraspForce, 4000); //Output for oscilloscope 
 //printf("GraspForce %d\r\n", GraspForce); 
} 
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20.    APPENDIX H – MOACON CONTROLLER PROGRAM 
FOR PERFORMING EXPERIMENT 2 OF CHAPTER 10 
 
This C program directs the robot to 
x Grasp and lift the object; 
x Increase the grasp force while lifting the object until slippage stops; 
x The gripper is then accelerated down and then up to test slippage; 
x The object is lowered and released; 
x The “sensor fusion slippage control strategy” is executed in the Timer 
Event that performs the function of Instinctive Controller (located 
below the main program).  
 
#include "moacon500.h" 
const u32 Zpos = 30000; // object Z pos 
u8 Step = 0; //program step 
u16 EncoderCnt = 0; //Encoder count 
const u32 MotorWaitDel = 200; //Delay during motor position check 
int AdcData[6]; //Analog input array 
int TangForce = 0; 
int OldTangForge = 0; 
u8 SlipStatus = 0; 
u8 PotUncontrSlip = 0; 
u16 SlipPulses = 0; 
int SlipThreshold = 0; 
u16 PreventiveGrasp = 0; 
u16 GraspForce = 400; //Gripper motor GraspForce cycle 
const u16 MaxGraspForce = 3800; 
u16 SF = 0; //ADC DATA (Module 0, Channel 1) 
const u32 GripWaitDelay = 1000; //Delay  
u8 MoveZ = 0; 
 
 
void cmain(void){ 
setMotorPos(1,0,0);         //Initialize Z motor position 
countMode(0,1); // Set channel 0 to function as an encoder counter 
startTimerEvent(200); //Start Timer event that simulates multitasking 
 
while (1){ 
//Start when input 0 is trigered 
if (Step == 0 && portIn(0)== 1) Step = 1;  
 
//Move Z down at normal acceleration 
if(Step==1) 
{ 
 if(MoveZ == 0) { 
  //Set grasp force and open gripper 
  GraspForce = 400; 
  eRelay(14,0); //Open gripper 
  //Setup Z motor speed/accel 
  motorSetup(1, 0, 1000, 20000, 2000); 
  motorMove(1,0,Zpos); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 2; 
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 } 
} 
 
//Close gripper 
if(Step == 2) 
{ 
 eRelay(14,1);  
 delay(GripWaitDelay); //Wait for gripper to close 
 countReset(0); //Reset encoder count 
 Step = 3; 
} 
 
//Move Z up at normal acceleration 
if(Step == 3) 
{ 
 if(MoveZ == 0) { 
  GraspForce = 400; //Initial grasp force 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 4; 
 } 
} 
 
//Move Z down at max acceleration 
if(Step==4) 
{ 
 if(MoveZ == 0) { 
  //Set max Z motor acceleration 
  motorSetup(1, 0, 10000, 20000, 100000);   
  motorMove(1,0,10000); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 5; 
 } 
} 
 
//Move Z up at max acceleration 
if(Step == 5) 
{ 
 if(MoveZ == 0) { 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 6; 
 } 
} 
 
//Move Z down at normal acceleration 
if(Step == 6) 
{ 
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 if(MoveZ == 0) { 
  //Reduce Z motor acceleration 
  motorSetup(1, 0, 2000, 20000, 4000); 
  motorMove(1,0,Zpos); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 7; 
 } 
} 
 
//Open gripper 
if(Step == 7) 
{ 
 GraspForce = 400; 
 eRelay(14,0); //Open gripper 
 delay(GripWaitDelay); 
 Step = 8; 
} 
 
//Move Z home (UP) at normal acceleration 
if(Step == 8) 
{ 
 if(MoveZ == 0) { 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 0; 
 } 
} 
 
delay(100); 
} 
} 
 
//This timer event is executed at regular intervals. It performs slippage detection and control 
//based on the "sensor fusion" strategy. 
void timerEvent() 
{ 
 SF = getSadc(0, AdcData); //Read from the ADC (Module 0, Channel 1) 
 TangForce = AdcData[0]; 
 SlipPulses = count(0) + 10000; 
 //If slip pulses from gripper encoder detected 
 if(SlipPulses > 10004 || SlipPulses < 9996) 
 { 
  SlipStatus = 100; //Slip pulses detected 
  //printf("%d\r\n", SlipPulses); 
  countReset(0); //Reset encoder count 
 } 
 else  
 { 
  SlipStatus = 0; 
 } 
  
 //If tangential force changed past threshold 
 if(TangForce > (SlipThreshold + 5) || TangForce < (SlipThreshold - 5))  
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 { 
  SlipStatus = SlipStatus + 10; //Tangential force past threshold 
  SlipThreshold = TangForce; 
 } 
  
 //If tangential force changed and grasp force margin is small 
 if(TangForce != OldTangForge && GraspForce < TangForce * 2) 
 { 
  OldTangForge = TangForce; 
  SlipStatus = SlipStatus + 1; //Grasp force margin is small 
 } 
  
 //Potential slippage detected 
 if(SlipStatus > 0 && SlipStatus < 100 && (Step == 4 || Step == 5)) 
 {  
  if(GraspForce < MaxGraspForce) 
  { 
   PreventiveGrasp = 400; //Increase grasp force in small increments 
   //printf("Potential slip\r\n"); 
  } 
  else 
  { 
   motorStop(0,0); 
   motorStop(0,1); 
   motorStop(1,0); 
   motorStop(1,1); 
   Step = 0; 
   //printf("Uncontrollable slip\r\n"); 
  } 
 } 
  
 //Slippage detected 
 if(SlipStatus > 10 && Step > 2 && Step < 6) 
 {  
  if(GraspForce < MaxGraspForce) 
  { 
   GraspForce = GraspForce + 200; //Increase safety margin 
   //printf("Slip detected\r\n"); 
  } 
  else 
  { 
   motorStop(0,0); 
   motorStop(0,1); 
   motorStop(1,0); 
   motorStop(1,1); 
   Step = 0; 
   //printf("Uncontrollable slip\r\n"); 
  } 
 } 
  
 //GraspForce = GraspForce + PreventiveGrasp; 
 pwm(0, GraspForce + PreventiveGrasp, 4000); 
 PreventiveGrasp = 0; 
 //printf("GraspForce %d\r\n", GraspForce); 
} 
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21.    APPENDIX I – MOACON CONTROLLER PROGRAM 
FOR PERFORMING EXPERIMENT 3 OF CHAPTER 10 
This C program directs the robot to 
x Grasp and lift the object; 
x Increase the grasp force while lifting the object until slippage stops; 
x The gripper is then accelerated down and then up to test slippage; 
x The object is lowered and released; 
x The “proportional slippage control strategy” is executed in the Timer 
Event that performs the function of Instinctive Controller (located 
below the main program).  
 
 
#include "moacon500.h" 
const u32 Zpos = 30000; // object Z pos 
u8 Step = 0; //program step 
u16 EncoderCnt = 0; //Encoder count 
const u32 MotorWaitDel = 200; //Delay during motor position check 
int AdcData[6]; //Analog input array 
int TangForce = 0; 
int BaseTangForce = 0; 
float FtChange = 0; 
u8 PotUncontrSlip = 0; 
u16 SlipPulses = 0; 
int SlipThreshold = 0; 
u16 PreventiveGrasp = 0; 
u16 GraspForce = 400; 
const u16 MaxGraspForce = 3800; 
u16 SF = 0; //ADC DATA (Module 0, Channel 1) 
const u32 GripWaitDelay = 1000; //Delay  
u8 MoveZ = 0; 
 
 
void cmain(void){ 
setMotorPos(1,0,0);         //Initialize Z motor position 
 
countMode(0,1); // Set channel 0 to function as an encoder counter 
 
startTimerEvent(200); //Start Timer event that simulates multitasking 
 
while (1){ 
//Start when input 0 is trigered 
if (Step == 0 && portIn(0)== 1) Step = 1;  
 
//Move Z down at normal acceleration 
if(Step==1) 
{ 
 if(MoveZ == 0) { 
  //Set grasp force and open gripper 
  GraspForce = 400; 
  eRelay(14,0); //Open gripper 
  //Setup Z motor speed/accel 
  motorSetup(1, 0, 1000, 20000, 2000); 
  motorMove(1,0,Zpos); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
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  MoveZ = 0; 
  Step = 2; 
 } 
} 
 
//Close gripper 
if(Step == 2) 
{ 
 eRelay(14,1);  
 delay(GripWaitDelay); //Wait for gripper to close 
 countReset(0); //Reset encoder count 
 Step = 3; 
} 
 
//Move Z up at normal acceleration 
if(Step == 3) 
{ 
 if(MoveZ == 0) { 
  GraspForce = 400; //Initial grasp force 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 4; 
  BaseTangForce = AdcData[0]; 
 } 
} 
 
//Move Z down at max acceleration 
if(Step==4) 
{ 
 if(MoveZ == 0) { 
  //Set max Z motor acceleration 
  motorSetup(1, 0, 10000, 20000, 100000);   
  motorMove(1,0,10000); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 5; 
 } 
} 
 
//Move Z up at max acceleration 
if(Step == 5) 
{ 
 if(MoveZ == 0) { 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 6; 
 } 
} 
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//Move Z down at normal acceleration 
if(Step == 6) 
{ 
 if(MoveZ == 0) { 
  //Reduce Z motor acceleration 
  motorSetup(1, 0, 2000, 20000, 4000); 
  motorMove(1,0,Zpos); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 7; 
 } 
} 
 
//Open gripper 
if(Step == 7) 
{ 
 GraspForce = 400; 
 eRelay(14,0); //Open gripper 
 delay(GripWaitDelay); 
 Step = 8; 
} 
 
//Move Z home (UP) at normal acceleration 
if(Step == 8) 
{ 
 if(MoveZ == 0) { 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 0; 
 } 
} 
 
delay(100); 
} 
} 
 
//This timer event is executed at regular intervals. 
//It performs slippage detection and control based 
//on the "proportional control" strategy. 
void timerEvent() 
{ 
 SF = getSadc(0, AdcData); //Read from the ADC (Module 0, Channel 1) 
 TangForce = AdcData[0]; 
 SlipPulses = count(0) + 10000; 
  
//If slip pulses from gripper encoder detected 
 if(Step == 3 && (SlipPulses > 10004 || SlipPulses < 9996)) 
 { 
  if(GraspForce < MaxGraspForce) 
  { 
   GraspForce = GraspForce + 200; //Increase safety margin 
   //printf("Slip detected\r\n"); 
  } 
  else 
 Page 236 of 240 
 
  { 
   motorStop(0,0); 
   motorStop(0,1); 
   motorStop(1,0); 
   motorStop(1,1); 
   Step = 0; 
   //printf("Uncontrollable slip\r\n"); 
  } 
  countReset(0); //Reset encoder count 
 } 
 if(BaseTangForce > TangForce) FtChange = (BaseTangForce - 
TangForce)/BaseTangForce; 
 else FtChange = (TangForce - BaseTangForce)/BaseTangForce; 
  
 if(Step == 4 || Step == 5) PreventiveGrasp = (GraspForce * (1.0+FtChange)) - 
GraspForce; 
 
 pwm(0, GraspForce + PreventiveGrasp, 4000); //set grasp force 
 PreventiveGrasp = 0; 
 //printf("GraspForce %d\r\n", GraspForce); 
} 
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22.    APPENDIX J – MOACON CONTROLLER PROGRAM 
IN C FOR PERFORMING EXPERIMENT 4 OF CHAPTER 10 
This C program directs the robot to 
x Grasp and lift the object; 
x Increase the grasp force while lifting the object until slippage stops; 
x The gripper is then accelerated down and then up to test slippage; 
x The object is lowered and released; 
x The “proportional control strategy with slip-rate based initial grasp 
force control” is executed in the Timer Event that performs the function 
of Instinctive Controller (located below the main program).  
 
#include "moacon500.h" 
const u32 Zpos = 30000; // object Z pos 
u8 Step = 0; //program step 
u16 EncoderCnt = 0; //Encoder count 
const u32 MotorWaitDel = 200; //Delay during motor position check 
int AdcData[6]; //Analog input array 
int TangForce; 
int BaseFt = 0; 
float FtChange = 0; 
u8 PotUncontrSlip = 0; 
u16 SlipPulses = 0; 
u16 SlipCount = 0; 
int slipThreshold = 0; 
u16 PreventiveGrasp = 0; 
u16 GraspForce = 400; 
const u16 MaxGraspForce = 3800; 
u16 SF = 0; //ADC DATA (Module 0, Channel 1) 
const u32 GripWaitDelay = 1000; //Delay  
u8 MoveZ = 0; 
 
 
void cmain(void){ 
setMotorPos(1,0,0);         //Initialize Z motor position 
 
countMode(0,1); // Set channel 0 to function as an encoder counter 
 
startTimerEvent(200); //Start Timer event that simulates multitasking 
 
while (1){ 
//Start when input 0 is trigered 
if (Step == 0 && portIn(0)== 1) Step = 1;  
 
//Move Z down at normal acceleration 
if(Step==1) 
{ 
 if(MoveZ == 0) { 
  //Set grasp force and open gripper 
  GraspForce = 400; 
  eRelay(14,0); //Open gripper 
  //Setup Z motor speed/accel 
  motorSetup(1, 0, 1000, 20000, 2000); 
  motorMove(1,0,Zpos); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
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  MoveZ = 0; 
  Step = 2; 
 } 
} 
 
//Close gripper 
if(Step == 2) 
{ 
 eRelay(14,1);  
 delay(GripWaitDelay); //Wait for gripper to close 
 countReset(0); //Reset encoder count 
 Step = 3; 
} 
 
//Move Z up at normal acceleration 
if(Step == 3) 
{ 
 if(MoveZ == 0) { 
  GraspForce = 400; //Initial grasp force 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 4; 
  BaseFt = AdcData[0]; 
 } 
} 
 
//Move Z down at max acceleration 
if(Step==4) 
{ 
 if(MoveZ == 0) { 
  //Set max Z motor acceleration 
  motorSetup(1, 0, 10000, 20000, 100000);   
  motorMove(1,0,10000); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 5; 
 } 
} 
 
//Move Z up at max acceleration 
if(Step == 5) 
{ 
 if(MoveZ == 0) { 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 6; 
 } 
} 
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//Move Z down at normal acceleration 
if(Step == 6) 
{ 
 if(MoveZ == 0) { 
  //Reduce Z motor acceleration 
  motorSetup(1, 0, 2000, 20000, 4000); 
  motorMove(1,0,Zpos); 
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 7; 
 } 
} 
 
//Open gripper 
if(Step == 7) 
{ 
 GraspForce = 400; 
 eRelay(14,0); //Open gripper 
 delay(GripWaitDelay); 
 Step = 8; 
} 
 
//Move Z home (UP) at normal acceleration 
if(Step == 8) 
{ 
 if(MoveZ == 0) { 
  motorMove(1,0,0);  
  MoveZ = 1; 
 } 
 delay(MotorWaitDel); 
 if(motorStat(1, 0) == 0) 
 { 
  MoveZ = 0; 
  Step = 0; 
 } 
} 
 
delay(100); 
} 
} 
 
//This timer event is executed at regular intervals. It performs slippage detection and control 
//based on the "proportional control" strategy. 
void timerEvent() 
{ 
 SF = getSadc(0, AdcData); //Read from the ADC (Module 0, Channel 1) 
 //printf("Torque %d\r\n", AdcData[0]); 
 TangForce = AdcData[0]; 
 SlipPulses = count(0) + 10000; 
  
 if(SlipPulses > 10000) SlipCount = SlipPulses - 10000; 
 else SlipCount = 10000 - SlipPulses; 
 //printf("Slip %d\r\n", SlipCount); 
  
 //If slip pulses from gripper encoder detected 
 if(Step > 2 && Step < 6)  
 { 
  if(GraspForce < MaxGraspForce) 
  { 
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   GraspForce = GraspForce + (20 * SlipCount); //Increase safety 
margin 
   //printf("Slip detected\r\n"); 
  } 
  else 
  { 
   motorStop(0,0); 
   motorStop(0,1); 
   motorStop(1,0); 
   motorStop(1,1); 
   Step = 0; 
   //printf("Uncontrollable slip\r\n"); 
  } 
  countReset(0); //Reset encoder count 
 } 
 if(BaseFt > TangForce) FtChange = (BaseFt - TangForce)/BaseFt; 
 else FtChange = (TangForce - BaseFt)/BaseFt; 
  
 if(Step == 4 || Step == 5) PreventiveGrasp = (GraspForce * (1.0+FtChange)) - 
GraspForce; 
 
 pwm(0, GraspForce + PreventiveGrasp, 4000); //set grasp force. 
 PreventiveGrasp = 0; 
} 
 
 
